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a modified design is outlined. 


In various types of experimental investigation 
the need for a source of intense, monochromatic 
ultraviolet radiation often arises. Large water 
| Prism monochromators have been described in the 
| past by several authors, e.g. Harrison (1934), 
Fluke and Setlow (1954), Magnus et al. 
(1959). 

An instrument which belongs to the same ge- 
neral category has been built in our laboratory for 
ithe purpose of studying inactivation of enzymes, 
| photoconductivity, etc. In this report we present 
a description of the monochromator together with 
data on its performance. Some ideas related to a 
imodified monochromator design are included at 
ithe end. 

The completed instrument was constructed so 
pas to give a radiation of high intensity in the 
inear ultraviolet region (down to at least 
— 2200 A). A resolving power ( A A/A) of only 
:1/50—1/100 was considered sufficient. In order 
to facilitate irradiation of free liquid surfaces a 
iconstruction was preferred which yields an emerg- 
mg beam of vertical direction. 

| In our monochromator a 609 water prism with 
quartz windows serves as the dispersing element, 
and mirrors are used for collimation and focus- 
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Abstract. 


A description is given of a new high intensity, low resolution water prism monochromator 
for irradiation work. The instrument yields a vertical emerging beam. It is equipped 
with concave mirrors for collimation and focusing, and a 60" prism with quartz windows. 
The focusing mirror has been specially ground to correct for optical defects, in particular 
coma. Data on the performance of the instrument are given, and the optical system of 


ing. The number of reflections has been kept at 
the very minimum of two in order to minimize 
the energy loss. 

As to the mirrors the collimator should have 
a short focal length to reduce the demand on 
lamp size. On the other hand, the optical defects, 
especially the spherical aberration, increase with 
the aperture ratio. The telescope mirror should 
make the spectrum appear at a suitable distance 
to give it a convenient length. 

When spherical mirrors are used a certain 
amount of spherical aberration will always be 
present and there may also be some coma and 
astigmatism depending on the angles of reflec- 
tion. The reflections can be combined in two 
different ways (Fig. 1): In the symmetrical mount- 
ing (a) both coma and astigmatism from the two 
mirrors are additive, while in the antisymmetrical 
(b) this is the case only for the astigmatism 
which need not be very harmful in a spectral 
apparatus. For this reason mounting (b) was 
preferred. The coma, which makes the image of a 
spectral line unsymmetrically diffuse, is cancelled 
under otherwise symmetrical conditions (Cz er ny 
and Turner, 1930). 

The prism windows represent the largest quartz 


Fig. 1. Alternative combinations of reflections: 
(a) symmetrical and (b) antisymmetrical. 


plates readily available*) and have a diameter of 
200 mm and the corresponding smallest feasible 
thickness of 3 mm. 

Following Fluke and Setlow (1954), wc 
originally used a collimating mirror with a focal 
length of 425 mm and a telescope mirror of focal 
length 850 mm, both spherical and with diameters 
of 250 mm and front aluminized. The mirrors 
were mounted so that the reflection obliguities 
were as small as possible without obstruction of 
the beam. 

The mechanical design is shown in Fig. 2. The 
component parts of the monochromator are moun- 
ted on a sturdy steel frame. The frame which 
holds also lamp power supply is eguipped with 
wheels in order to make the instrument moveable. 

Light from the entrance slit in the lamp house 
(L) is collimated by the mirror (C), and is dis- 
persed by the water prism (P). The focusing 
mirror (F) forms the spectrum in the plane of 
the exit slit (E) which again isolates the desired 
light. Samples to be irradiated are placed on the 
turntable (Tb) whose level is adjustable. 


The exit slit should have a fixed position, and 
light of the desired wavelength should traverse 


*) Supplied by Heraeus Quarzschmelze GmbH, 
Hanau, Germany. 
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the prism symmetrically. These requirements have 
been met by mounting the light source and the 
collimating system on a frame (CF) that can turn 
on bearings coaxial with the prism axis. The wave- 
length is varied by coupled rotation of the col- 
limating system and the prism around this axis. 
The collimator frame rotates at twice the rate of 
the prism. Below the exit slit a hand wheel (A) 
is placed, the motion of which by gears (G) is 
transferred to the screws S, and S, which move 
the collimating system and the prism, respectively. 
The pitches of the screws have a ratio 7 
The position of the collimator and the prism is 
indicated by a revolution counter coupled to the 
wheel. 

There is a considerable flexibility in the po- 
sitioning of the lamp house, the mirrors and the 
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Schematic drawing of the monochromator. 
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exit slit, which. facilitates the adjustment of the 
monochromator and the use of other mirrors. 

A control panel with lamp switches, meters 
and slit control knobs is placed below the turn- 
table. The slit width is adjusted by turning the 
appropriate knob whose movement is transmitted 
by a flexible cable. 

Sheet metal and plastic curtains (not shown in 
Fig. 2) enclose the radiation path. 

The monochromator was initially equipped with 
a small mercury arc (Philips SP 125 VV). The 
lamp was mounted close to the entrance slit, no 
condensing system being used. This lamp has been 
replaced by a more powerful light source, viz. 
a capillary mercury arc of the superhigh pressure 
watercooled type (Philips SP 1000 W). Because 


Fig. 3. Lamphouse with lamp, defining aperture, 
condensing mirror and slit. (To scale.) 


of the bulky cooling jacket the arc could not be 
placed close enough to the slit. An attempt was 
made to have the slit within the jacket and very 


aperture is placed between the lamp and this 
mirror. An image of the aperture is formed on 
the first mirror such that the collimated beam 
covers the prism window. To avoid excessive 
heating of the lamp house by non-useful light, 
the solid angle of the light beam leaving the lamp 
has been reduced by another baffle placed within 
the cooling jacket. 

The correct burning of an arc of the kind in 
question depends rather critically on a proper 
distribution of mercury in the capillary before 
voltage is applied. In order to facilitate the in- 
spection of the capillary a small filament lamp 
is incorporated in the lamp house. When the 
filament lamp is burning, the image of the mer- 
cury filling is clearly visible in the entrance slit. 
The mercury lamp can easily be taken out for 
redistribution of mercury. 

An arrangement has been made for routine 
measurements of intensity. It consists of an ultra- 
violet sensitive photocell, a 30 V dry battery, and 
series resistors. The voltage drop across a resistor 
is read on a precision valve millivoltmeter. It is 
thus possible to cover a large range of intensities. 
A thermopile and galvanometer of known response 
were used for calibration. 


Preliminary testing of the instrument revealed 
that, because of the different focal lengths of the 


NEW 
MIRROR 


SLIT 


| close to the arc. Because of difficulties in chang- 
ing the slit width and also because of the exces- 
| sive non-utilized and scattered light, a condensing ۱ 
| system was built into the lamp house (Fig. 3). fz 
| An astigmatic mirror images the arc in natural 

size on the entrance slit. In order to reduce the 
| amount of stray light a baffle with an elliptical 


IMAGE 


Fig. 4. Light path with both mirrors spherical, show- 
ing coma. The inset (left) demonstrates the correcting 
effect of the new focusing mirror. 
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two mirrors C and F, there would be a rather 
large residual coma at the reflection angles chosen 
(Fig. 4). A small amount of spherical aberration, 
mainly from the mirror having the shortest focal 
length, also contributed to the line width. The 
spectral impurity in itself can be tolerated in much 
work, but improper focusing may cause an uneven 
distribution of intensity behind the slit. The 
astigmatism may give rise to a similar defect at a 
certain distance. Each point of the light source 
will be imaged as two mutually perpendicular 
focal lines, one at the exit slit and the second 
(És) below the slit. Irregularities in the lamp or 
the entrance slit may, therefore, show up as stri- 
ation at the preferred irradiation level. 

It is possible to obtain an image free of coma 
by increasing to about 30? the reflection angle of 
the focusing mirror, but this would lead to a 
severe broadening of the spectrum because of 
strong astigmatism and to an inconvenient location 
of the focus. 

One of us (INR) has improved the image 
forming system by grinding a special mirror sur- 
face. In order to obtain an ideal system both 
mirrors should have been replaced by off axis 
paraboloids but, to save work, all corrections have 
been made on one mirror, the focusing one. This 
new mirror can be regarded approximately as an 
off-axis paraboloid, to which is added the devi- 
ation of the spherical collimating mirror from 
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Fig. 5. Corrections (in units of oor mm) ground 


into the preliminary toric surface of the new focusing 
mirror. 


Fig. 6. Part of a spectrum (helium), as obtained (a) 

with spherical focusing mirror, and (b) with the speci- 

ally ground mirror. The leftmost line at the position 
of the exit slit. (Natural-size photographs.) 


the ideal parabolic shape. In addition, the curvature 
in the direction parallel to the slit has been in- 
creased slightly to make the second focal line 
fall above the slit. 


This new surface deviates less from that of a 
torus than from that of a sphere. Furthermore, a 
toric surface is as easy to grind as a spherical one. 
A surface of the former kind with radii of 
curvature of 128 cm and 140 cm was first ground, 
therefore, by conventional methods. 


Fig. 5 shows, as a contour map, the corrections 
that were to be ground on this raw toric form. 
The corrections were calculated approximately only, 
as their optimal magnitudes could be obtained by 
repeated testing and polishing. The actual correct- 
ing was done by local grinding with small pieces 
of glass while the contour map was projected 
on the disc. 


In Fig. 6 are shown two natural-size photographs 
of a part of the helium spectrum; in (a) as formed 
with the original, spherical mirror, and in (b) with 
the new one. When high spectral purity is desired, 
only a part of the slit length is to be used. For 
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۸ In spectral regions outside the vvave band iso- 
lated the intensity is practically zero at all vvave- 
lengths, but the total amount of stray light vvill 
not be completely negligible. In most parts of the 
spectrum the stray light vvill contribute less than 
1 % of the intensity, but at short wavelengths the 
300 contribution may rise to several percent, mostly 
in the form of visible light. For our purpose the 
stray light gives rise to no problems. 


400 


200 3 d . 
The intensity of scattered light depends strongly 
0,2 mm on the conditions of mirrors and prism. Dust will 
100 occasionally collect on the upward facing collimat- 


ing mirror, but the main problem is caused by 
impurities in the water which may precipitate to 


| 2500 3000 4000 5000 6000 7000 Â form a film on the horizontal window of the 
۱ i ۱ : prism. Distilled, very carefully filtered and boiled 
Fig. 7. Geometrical dispersion curves. water has to be used for filling the prism. Now 


and then, the prism has to be cleaned. 


F Intensities obtainable with the monochromator 
vary considerably with wave length and the spec- 
tral purity chosen. The lamp gives a reasonable 
amount of energy down to 2280 Â. It has a con- 
tinuous spectrum with a series of very broad 
maxima. In Table I are given typical results of 
intensity measurements. They were made with the 
slits adjusted to give a band width less than 50 Â. 
Only the middle part of the slit length was used. 
The intensities were measured at such a distance 
from the exit slit that the radiation covered an 
area of ca. 8 cm2. 


Intensity 


T T 


E 5 -- — T 
2500 Â 2450 Â 


ig. 8. Relative intensity distribution of light isolated 
y the monochromator for an exit slit width of 2 mm. 


| 
| maximum energy transmission the slits are opened 
ito ca. 2 mm and the whole slit length is utilized. 


Geometrical dispersion curves for the mono- 
I chromator are shown in Fig. 7, where band width 
is plotted as a function of the wave length for 
three values of the exit slit width. The actual 
resolution will be slightly less because of the 
aberrations still present. 

The spectral composition of the emergent beam 
has been measured with a spectrophotometer. 
Fig. 8 is a diagram of intensity versus wave 
length with the monochromator set at ca. 2490 A. 
(The lamp used has a continous spectrum in this 
wavelength region.) The curve was recorded with 
an exit slit width of ca. 2 mm, and it is seen Fig. 9. Optical outline of suggested modified mono- 
‘to have a breadth in agreement with Fig 2 chromator design. 
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TABLE I. Measured approximate intensities. 


Wavelength Intensity in 
in “W/cm? 
5800 300 
5450 300 
4350 400 
4050 200 
3650 200 
3350 200 
3100 ~300 
3000 150 
2950 150 
2900 80 
2800 20 
2700 20 
2500 0 
2400 3 
2350 2 


In conclusion we should like to point out that, 
while the monochromator in its final form has 
turned out to be a guite satisfactory instrument, 
as good a result should be obtainable if one used 
two toric mirrors, care being taken in choosing 
focal lengths and reflection angles so as to achieve 
coma-free focusing. Again, by having the re- 
fraction edge of the prism point upwards, pre- 
cipitation on the prism window would be avoided. 

In Fig. 9 is shown the optical outline of a mo- 
nochromator based on these ideas. The coma 


around the central ray is eliminated if the reflec- 


tion angels 7 and j satisfy the condition: 
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where M stands for the magnification. In the 
plane of the figure the radius of curvature of | 
the first mirror is given by 2t/cos i and of the 
second mirror by 2Mt/cos j. In the plane perpen- 
dicular to this one, the respective values are 
2 f cos i and 2 Mt cos j. Thus, e.g., if one of the 
mirrors is given, the other can be made with the 
appropriate curvatures to eliminate the coma. 
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.. Introduction. 

Strong resonances in the reaction Al27 (p, a) 
Mg24 between 500 keV and 4 MeV bombarding 
inergy have previously been reported by Sho e- 
maker et al. (1951), and between 500 and 900 
:zeV by Rutherglen and Smith (1953). 
Ihe important competitor to the (p, a)-reaction in 
this energy region is the reaction Al27 (p, y) Si?8, 
and the large number of strong resonances in this 
reaction has been the subject of much study. 
Recent determinations (Andersen el al. 1958/ 
59, and Kuperus el al. 1959) of the proton 
*nergies for these resonances have renewed the 
interest in the exact energy location of the a- 
rields. Rutherglen and Smith (1953) cor- 
related their a-resonances with known y-resonances 
it 504, 630 and 728 keV proton energy. The 504 
«eV resonance has later been shown to be a 
oublet (Andersen el al. 1957). Kuperus 
ind Smith (1960) were able to show that the 
lower member of this doublet at 504 keV was the 
only a-emitting resonance of the two. 


Manuscript. received June 10, 1961. 
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= Abstract. 


The reaction AI?? (p, «) Mg?! optoufid state has been studied in the proton energy region 
from 730 to 1390 keV. The following resonances in the reaction Al?" (p, y) Si are observed 
also to yield «-particles: 731, 884, 922, 936, 1002, 1182, 1212, 1261, 1274, 1315 and 1387 
keV. At 1363.2 0.4 keV a new «emitting resonance is found yielding y-rays of very low 
intensity. The angular distributions of the a-particles from the stronger resonances are obtained, 
and the following values for the resonant level spins and parities are established: at 936 keV 
2+ or 2- at 1182 keV 2+, at 1315 keV 4*, at 1363 keV 2* and at 1387 keV 2+ 
or 3-. Absolute yields are found. The dimensionless reduced widths for the resonant level 
at 1182 keV are 8,* = 0.055 and By. — 0.003 (s-wave). For some other levels limits for 
partiul widths and dimensionless reduced widths are given. 


The aim of the present study is to measure the 
absolute yield of a-particles to the Mg?4 ground 
state in the proton energy region from 730 keV up 
to 1390 keV, i.e. in the higher part of the region 
covered by the (p, y) measurements of A n d e r- 
sen et al. (1958/59). Angular distributions fur- 
thermore, have been measured for the stronger a- 
resonances. In a few cases the resonance parame- 
ters, as spin, parity and partial widths, are deter- 
mined. 


2. Experimental eguipment. 


2.1. a-particle spectrometer. 

The a-spectrometer has a double focussing 
180? sector magnet of the type first described by 
Snyder er al. (1950). The mean deflection 
radius r, of the magnet is 275 mm and the pole 
gap is 45 mm at this radius. 

The entrance and exit slits are situated nearly 
symmetrically about 200 mm from the pole faces. 
A CsI scintillation counter is used for detecting 
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the charged particles and is situated immediately 
behind the exit slit. The theoretical expressions 
describing a double focussing sector magnet are 
given by Judd (1950) and by Rosenblum 
(1950). Using the formulas given by Judd we 
find the following constants for our spectrometer: 
The dispersion 

Ôr p-a 

Ds 2 ۰ 4 

r, Op 

The solid angle 


Q = A (d? + 2r, ?)! = 1.8 1072 steradian 


where d is the distance from the source to the 
magnet pole face, and A is the cross section of the 
spectrometer chamber. 

The resolution 


7 P To 

R= — DE, 

Ap S; 

where Ap is the change in momentum corres- 

ponding to the half width of the image of a 

monoenergetic source. For large widths of source 
and-or exit slit S, is given by 


MS Se MSS Soy tet)‏ رد 


where MS, is the magnified image of the source 
and $, is the width of the exit slit. 

In order to improve the focussing properties of 
the spectrometer, a diaphragm was placed imme- 
diately in front of the magnet pole face and served 
as the entrance aperture. This arrangement will be 
referred to later as reduced aperture. 

Maximum resolution with reduced aperture was 
found to be 500. This was measured with protons 
elastically scattered from a thick copper target. The 
width of the source was 0.2 mm, of the exit 
slit 1 mm. With the same source and 20 mm 
exit slit the resolution was 50 as expected from 
the formula. The dispersion found by measuring 
the displacement Ar of an image when the magne- 
tic field B was changed by AB was 4.3 0.2. 

The magnet is supported by rollers on a mount 
made from an old locomotive wheel and can be 
rotated around a vertical axis. 


, 2.2. Proton beam. 


. The close spacing of the resonances in the reac- 
tion under study requires the use of a proton 
beam of well defined energy. The bombarding 
protons are supplied by a Van de Graaff genera- 
tor equipped with a 90? electrostatic analyser of 
1 m radius. This equipment has been described 


earlier (Andersen ef al. 1958/59). At a mean 
energy of 1000 keV and with 0.2 mm analyser 
entrance and exit slits, the observed half width 
of a narrow resonance is normally around 200 eV. 


2.3. Target chamber. 

The construction of the target chamber makes it 
possible to rotate the magnet without breaking the 
vacuum. The geometry permits measurements of 
angular distributions in the interval from 49 to 
115? relative to the proton beam. To change the 
target spot, the target support can be moved up 
and down, and the angular position can be varied 
and read off on an engraved scale. 

A quartz plate with crossed hairs can be placed 
in the chamber center and the beam spot can be 
centered on the cross. The size of the beam spot, 
being the source of the spectrometer, is adjusted 
vertically by the proton analyser exit slits and 
horizontally by a slit 250 mm in front of the target 
center. 


2.4. Detectors and electronics. 


The a-detector is a 1" diameter CsI crystal 
mounted on a 6467 DuMont photomultiplier. Even 
when the counter is shielded by magnetic screens, 
the pulse height is severely reduced when the | 
magnetic field is turned on. The resolution, howe- - 
ver, is sufficient to permit discrimination between 
the pulses from a-particles and pulses of lower 
pulse height from y-rays. As the a-particle energy 
was considerably higher than the energy of scat- 
tered protons, these did not pass through the spec- 
trometer. 

Information on y-rays was obtained by using a 
NaI(Tl) scintillation counter mounted as close 
to the target as possible. : | 

The electronic equipment consisted of standard | 
single channel pulse height analysers, amplifiers, | 
scalers, a current integrator of conventional design | 
and a proton magnetic resonance fluxmeter. A 
256 channel RCL pulse height analyser was used. | 


i 
3. Experimental technique. ۱ 
3.1. Target and beam. 1 


Targets with thick backings were used. It was. 
found that scattered protons were sufficiently - 
resolved from the observed a-particles to permit 
this considerable simplification in target prepara- 
tion. With normal backings of finely turned copper 
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figure 1: Target geometry. 9 is the angle between 
forward beam direction and target plane, @ the angle 
between beam and magnet eritrance. 
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or silver, a decrease in yield was found at small 
angles between the target plane and the direction 
bf the emergent a-particles. This is belived to 
be due to minute ridges on the target being in the 
math of the a-particles. With backings of polished 
nickel this difficulty was overcome. 

The geometry is shown in fig. 1. When bom- 
parding at small angles, 9, between the target and 
:he proton beam, the target thickness in the beam 
Hirection had to be carefully considered. To pre- 
went varying yield during an angular distribution 
measurement, the angle q was kept constant 
as the magnet was turned. This made it necessary 
to select the angle p according to the smallest 
angle, Onin, at which observations were to be 
De made. A compromise between a small angle, 
iving the smallest energy straggling for the 
mergent a-particles, and a large angle, giving 
:he smallest beam spot on the target, was chosen 
Bt p = + Onin For the narrow resonances the 
proton energy was set at 2 keV above resonance 
to be in the region of full yield. The proton energy 
was kept constant during an angular distribution 
run, the energy spread usually being within 0.3 ۰ 
lln order to prevent excessive a-particle spread, 
it was considered important to work as close to 
he resonance energy as possible. 

The beam current was integrated by using the 
arget chamber as a Faraday cup. To give a clean 
arget spot, free from carbon layer, the spot was 
frequently changed. 


3.2.Spectrometer operation. 


| 

| 

| 
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The reaction 127ھ‎ (p, a) Mg?4 has a ground 
state Q-value of 1.59 MeV. When the proton 
energy is varied from 0.5 to 1.4 MeV, this gives 
an energy varation from 1.8 to 2.5 MeV for the 
a-particles emerging at 90°. 

To locate the a-yields, the magnetic field and 
fluxmeter freguency were estimated for the bom- 
barding energy and angle used. To make sure that 
the total a-yield was actually observed, a complete 
window function was measured. 

The window function is taken as the a-detector 
counting rate as a function of the magnetic flux- 
meter reading, when the proton energy and thus the 
a-energy, are kept constant. As the magnetic field 
is varied, the source image moves across the exit 
slit. Apart from the geometrical dependence on 
source and aperture, the size of the source image 
is a function of the width of the a-particle energy 
distribution and the ability of the magnet to focus 
the particles onto the exit slit. The width of the a- 
particle energy distribution is given by the proton 
energy spread, the resonance width and the energy 
straggling of the a-particles. For a monoenerge- 
tic source of a-particles and with ideal focussing, 
the width S, of the window function at half value 
is given by formula (2.1). 

To study the focussing properties of the spec- 
trometer the following procedure was adopted. The 
relative change in magnetic field which will move 
the image across the slit is 

de‏ عم ھا 
D r,‏ 
where f is the fluxmeter frequency. It was conclu-‏ 
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Alpha particle yield (COUNtS/uc) 


344 T 
Frequency (Mc/s) 


Figure 2: Magnet window function at large angle, 
0 = 86°, Eres = 1363 keV, Ep = 1368 keV, o = 8". 
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Figure 3: Magnet window function at small angle, 
8 = 16°, Eres = 1363 keV, Ep = 1372 keV. 9 = 8. 
The difference in yields shown in figures 2 and 3 is 
due to difference in proton energy and target thickness. 


ded that the image was larger than the exit slit if 
an appreciable yield of a-particles was observed 
at the fluxmeter reading f, (1 + Af/f), where 
fo is the frequency at the window function center. 
At large angles between the proton beam and the 
direction to the spectrometer entrance the yields 
at f, (1 A f/f) were always very small. At the 
very smallest angle, however, the yield at f, 
(1 — Af/f) was not negligible. Two typical cases 
are shown in figs. 2 and 3. This means that, at 
small angles, the a-particles have an energy spread 
too large to be all simultaneously focussed within 
the exit slit. To correct for the loss of a-particles 
at small angles, the yield is also measured at f, 
(1—A f/f) and added to the yield at the win- 
dow function center to give the total. In the cases 
described here, the corrections were always small. 

The target spot was kept small in order to avoid 
excessive spread. The bombarded area never excee- 
ded 7 mm2. (1 mm vertical slit in front of the 
target chamber, 0.5 mm horizontal slit at the 
proton analyser exit and target angle p = 89.) The 
spectrometer was always used with reduced aper- 
ture. 


3.3. Solid angle determination. 

The spectrometer solid angle of acceptance was 
determined experimentally by means of an a-source 
consisting of a 1" diameter disc onto which was 


sublimed Am241. A slit 1 mm X 7 mm was placed 
immediately in front of the disc. The solid angle 
was evaluated by comparing the detector counting 
rates, first with the source placed in target position 
and then with the source placed directly in front 
of the detector. The following values were found: 
With full aperture 1.73 = 0.04 - 1072 steradians, 
with reduced aperture 1.38 = 0.04 ۰ 1072 stera- 
dians. 

Any differences due to magnet saturation at the 
high Am241 a-energy would have shown up during 
a study of the focussing properties. The source 
image was found to lie well inside the 20 mm 
wide slit normally used under an a-yield measure- 
ment, being 10 mm radially and 14 mm axially. 
The window function with 20 mm exit slit was 
consequently flat topped, and the magnet resolu- 
tion at this slit setting was insufficient to resolve 
the stronger branches of the Am241 a-decay. 
(85 96 5,48 MeV, 13 % 5,44 MeV.) 

Before the Am241 source was available, the 
solid angle was determined by measuring the yield 
of protons elastically scattered from a thick copper 
target. With reduced aperture the solid angle was 
found to be 1.4 — 0.1 - 1072 steradians, in good 
agreement with the more accurate determination 
made later. 


4. Experimental results. 
4.1. Yields. 


To avoid large errors due to the yield varying 
with the angle of observation, the yield from 
each resonance was measured at three angles, 909, 
55? and 23?. After correcting for the difference in 
the solid angle between the lab. system and the 
center of mass system and for the loss of 
doubly charged He-ions due to. electron pick-up 
in the target (Marion 1960) the mean of the - 
values obtained at these three angles was used to 
calculate the total yields given in table I. Due to 
the arctg behaviour of the Breit-Wigner formula 
full yields are, for the wider resonances, reached : 
only on targets too thick for our purpose 
(Fowler et al. 1948). The yields given may 
therefore be 10—20 % too low. For resonances / 
where no definite yield was found, the order of 
magnitude of the background is shown as the up- - 
per limit of the yield. 

. For the five stronger resonances angular distri- | 
butions were measured, and in these cases the total 


LN 


k- 
" 


Table I: 
A]? (p, ¢) Mg?* resonances. 
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No. a) Ep keV 2) T a) 

7 731 < 160 
13 884 < 1000 
14 922 < 190 
15 936 340 110 
17 1002۰ < 1000 
23 1182 7102130 
25 1212 S Die 
26 1261 E200 
27 1274 — 1000 
28 1315 < 160 
30b 1363 — 1100 
32 1387 290+ 0 


ya (co) pr. 1010p Gea) ev J^ 
SEINEN ٦ 5.9 9 
5 ۰۳ 10 Du b 
LO 1022 4 dp 
2] کت‎ y Mo 65 ONE 
LL = 2 2.4 4 
4108 0, 940 2 
OE 2 4.4 - 
Doo D. iU 17. — 
ls MEUS 3.4 = 
15 ES 0:9 35 AT 
7051 ٦ 1640 2 
y ۰ 206 22 og 


Remaining (p, 7) resonances in the région 731 > Ep > 1387 keV has y(oo) < 0.3 @’s pr. 1019 protons, except 


ne resonances at 1198 and 1380 keV w 


e enly upper limits of 0.6 «s pr. 1019p could be set due to the 


oximity of strong resonances. The yield Of the 1362 keV resonance is not known. 
a) From previous (p,7) measurements (Andersen el al. 1958/59) except 30b. 


b) From («,y) measurements (Smulders e al. 1960) 


c) Endt, private communication. 


selds were found as the zero order coefficients in 

e expansion of the distributions in terms of even 
irder Legendre polynomials. At the three isotropic 
hesonances, 1182, 1363 and 1387 keV, the reso- 
ance widths were so large that the thick target 
tield was not reached on the targets used for angu- 
mr distribution measurements. Otherwise the ener- 
xy spread of the emergent a-particles would have 
»een too large at forward angles. However, in the 
fases where isotropy was found, the thick target 
rield was obtained from a sufficiently thick target 
ind at 90°. 


4.2. Angular distributions. 


' The angular distributions were measured as the 
yields at five angles between the proton beam and 


the direction to the spectrometer entrance, the 
largest being 1189 and the smallest 189 in the 
center of mass system. The angles were chosen 
according to the method of Price (1945). At 18? 
the previously mentioned correction (section 3.2.) 
due to wide window function was applied. The 
solid angle was sufficiently small to make neg- 
ligible the solid angle corrections to the distribu- 
tions. 

'The coefficients in the angular distribution ex- 
pansion 


3 
W (8) = V Box روط‎ (cos 8) 
2 0 
were found according to the method of Rose 
(1953). Terms higher than L = 3 were not con- 


Table II: 


Expansion coefficients of observed angular distributions in the reaction 
| AI? (p,a) Mg”. 


Ep keV BB, BylBy BB, 
ہوا و تا کت‎ 07 ieu اہ‎ Yoda ee 
| 936 — 0.47 £0.05 — 0,05 0.06 — 0.08 +£0.09 
f 1182 0.02 +0.02 0.046 + 0.028 — 0.095 + 0.034 

1315 0.11 +0.05 — 0.91 +£0.08 0.10 +0.11 

1363 — 0.038 0.015 0.054 ± 0.020 0.059 + 0.020 

1387 0.004 + 0.042 0.073 + 0.059 —0.18 7 
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Figure 4: Angular distributions of «-particles from the 
936 and 1315 keV resonances in Al?" (p,«) ۰ 


sidered. The values found for By, /B, are listed in 
table II. The B, coefficients are the numbers 
given in column 4 table I. Only at the 936 keV and 
1315 keV resonances did the observed distributions 
differ significantly from isotropy; they are dis- 
played in fig. 4. The 1182 keV, 1363 keV and 
1387 keV resonances are assumed to be isotropic. 
They are shown in fig. 5. 
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Figure 5: Angular distributions of «-particles : 
from the 1182, 1363 and 1387 keV resonances in 
127ھ‎ (p, a) Mg4, all of which are assumed isotropic. 
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Figure 6: Simultaneously observed yields of y-rays and 
«-particles at the 1362 keV (p,y) resonance and the 
1363 keV (p,«) resonance. 


4.3.The 1363 keV resonance. 


At an early stage of this work, the a-yield now 
assigned to a resonance at 1363 keV was believed 
to be associated with the (p, y) resonance at 1362 أ‎ 
keV. However, a concurrent study (Nord- 
hagenand Tveter, to be published) of gamma 
spectra showed that the quite complicated spectra 
from the resonances at 1362 keV and 1315 keV 
were strikingly similar, indicating a high degree 
of similarity between these two levels. On the other 
hand the yield of a-particles from the 1315 keV 
resonance was very much weaker than that mea- . 
sured near 1362 keV, and it was suggested that | 
the latter yield might not be related to the 1362 - 
keV resonance, but to another resonance with — 
nearly the same energy. To test this hypothesis, | 
yield curves for both y- and a-radiation were 
simultaneously measured in the region around | 
1362 keV and the result is shown in fig. 6. As will 
be seen, the a-yield reaches half maximum Ww 
keV higher than the y-yield does. During efforts to 
establish the very weak y-radiation of this new 
resonance, a y-line of 1.37 MeV from the first 
excited state of Mg?4 was observed (Nord- 
hagen and T veter, to be published), and the 
resonant behavior of this line confirms the energy 
difference. These measurements, as well as a sepa- 
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date width measurement, give a resonance width 
f approximately 1.1 keV. Using the previously 
established value (Andersen et al. 1958/59) 
for the 1362 keV resonance, a value of 1363.2 + 
0.4 keV was obtained for the new resonance. 


. Methods of analysis. 


5.1. Particle widths. 


From the measured thick target yields of a- 
particles, y (99, 00), the values of the quantity 


EY 


Ir > |F 
[B] 1-1) TT can be found by the formula 


E EU: Jo DE (00,00), (5.1) 
(2-1) (21+ 1) I Y 

KH. E. Gove, 1959). The valués are given as 
2] + 1) y in column 5 of table I. When the spin 

and parity of the resonant levels are „Known, 

طز ول 

CES 


(column 6, table I), a value for y — 


can be found. 

& When ۲ لد ات‎ + ET, is known from 
idth measurements, and a value for y is obtained, 
aor 2 l'pis given by 

2 م7‎ =r —I"'+|T— F} — 4 ] [12 (5.2) 


which shows that we always have 4 y < = I". 
I" is the width of other decay channels. The two 
signs give the values of I, and +I’, respectively. 

In special cases additional information, as shown 
in the discussion, leads to the establishment of 
definite values for l'a and Ip. These values are 
shown in table III. 


The dimensionless reduced widths 


are given in table III. When values for I’, are 
found, corresponding values of 05 are given. The 
a- and proton penetrabilities P, and P, are esti- 


mated from the tables of Sharp e al. (1955) 
The interaction radii, a, are taken as 1.45 
(A, Ni -- A, 1.107 cm, which gives a single 


particle reduced width P. of 290 keV for an 


a-particle bound to a Mg? nucleus and 1.28 
MeV for a proton bound to an AI?" nucleus. 


5.2. Angular distributions. 

The differential cross section for a reaction pro- 
ceeding through well defined states in the com- 
pound nucleus can be expanded in terms of even 


Table III: 


Evaluated widths of resonant levels excited in AI?" (p,«) Mg”. 
Less probable evaluations in parenthesis. 


Ben e متس‎ 


TN 
Ep Ex dn 1 y eV 


Tp 2 2 
eV 0; 05 


884 12.44 0 2*9. 12-1000 ee 0.006—0.5 
936 12.49 340 ک2‎ 10 330 0.016 0.025 
(or 330) (10) (0.3) (0.005) 
(or2*) (1301330) (8300113) (0.01 or 0.3) (0.12 or 0.005) 
M192 712.713 710 m 350 350 0.055 0.003 
۲:5 12.86 > 0 4t 3.8 152-160 0.006 0.003— 0.03 
| 1363 12.90 — 1100 27 600 600 0.05 0.003 
|.1387 12.93 290 27 50 240 0.004 0.001, 
(or 240) (50) (0.018) (204078) 
or 37 30 260 0.008 0.003 
(or 260) (30) (0.07) (4: 107) 


For the resonances at 731, 922, 1002, 1212, 1261 and 1274 keV no widths can be evaluated. 
. a) From (« y) measurements (Smulders e al. 1960). 
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order Legendre polynomials (Gove, 1959). The 
expansion coefficient for the polynominal of the 
order 2L is, in the present case, 


boy = 2 2 (—1) s Z(IJl'J,s2L) 
E (5.3) 
Z (JJO 2L) ی٥‎ 


for a reaction proceeding via proton capture in 
the channel with channel spin s and to a compound 
state with spin J, When this state decays with 
a-emission to a state with spin O, as is assumed 
here, the outgoing orbital momentum is J, To 
obtain the mixing of the orbital angular momenta 
ا‎ and /' both giving the same J with the channel 
spin s, the summations over both / and / have to be 
done. In the outgoing a-channel no such mixing 
occurs as the channel spin is 0. The Z coefficients 
are taken from the tables of Sharp eż al. (1954). 
The parameter g,; is connected with the width 
for the capture of protons with channel spin s and 
with orbital momentum /: 


Table IV: 
The expansion coefficients for the simple angular distributions 
۲۵ Jis Z روط‎ Pa, (cos 6), la =], sa — 0. 


s h JS la blb, 27 bb, 
2 2 o+ 0 

2 1 "esa -0.20 

2 3 1 0.80 

3 3 ns Too Es 

2 Ò VI | 

2 2 2 — 0.31 

2 4 25 1.02 

; 2 2* me : 

2T O10‏ 4 کت 

2 1 ES IT. Em 
Ping 3 35 nre? 70422 
زد‎ 5 y 3 5 

00 y 1 

5 23 

P 5 

ZEN 2 

2 4 


QE t (Eso) NS 


Only the mixing of two orbital momenta is con- - 
sidered. It is assumed that the difference in pene- - 
trability of protons, the orbital momenta of which - 
differ by more than 2 units, will effectively bar any - 
contributions from a possible third orbit. ۱ 


In this energy region 


op mo) Sie 


hc! Cone) est M y 


Le 
hv ^ 


— EX 


with: 7 = 


To be able to compare the experimental values | 
Bo,|B, with the theoretical by,/b,, the method 
employed by Stelson (1954) in his analysis | 
of the reaction Na23 (p, a): Ne20 is used. The 
values م,ط/ روط‎ given by equation (5.3) are displayed 
as a function of the orbital mixing parameter, 84: 


۱ 


See EES 2 


| 
| 
| moeta 
| | sz 


a | Boe +9 

here g,, is chosen positive. 

۱1۴ capture of protons takes place in two chan- 
ls with different channel spins, رت‎ and se, both 
wing the same J with suitable orbital momenta, 
oherent channel spin mixing occurs. The ۵و‎ 
ir each channel spin evaluated from formula 
1,3) then add linearly to give the observed 
.را‎ That is 


_ Xbox lb, (5) + bol bo (59) 
کرو وط‎ Jm 


ith the channel ratio * defined as 
AU 


(5.4) 


LG ==, == ED 
2 7 
2 


Analysis of results. » 
1. General. 

The Al27 (p,a) Mg?4 reaction to the Mg” 
round state proceeds via levels in the compound 
Jarg S28 VID Ol 21,5, 47, 57, etc. 
r the stronger resonances, the angular distribu- 
ns of which are discussed here, spins higher than 

are not considered. The low barrier penetra- 
lity and corresponding small widths for a-parti- 
s with high orbital momenta may justify this. 
The spin and parity of the Al" ground state is 
۲2+ and with the proton spin of 1/2*, the two 
annel spins encountered are 2 and 3. In 


Compound state 1^ 


IZ 


Variation with orbital mixing parameter of 
(p,«) angular distribution cofficients. 
J*—1-,5—2. 


igure The 
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table IV are listed the possible combinations of 
channel spins and orbital momenta / leading to 
the different J values. In columns 4, 5, 6 and 7 
are given the values of 5,,/b, for distributions 
when no mixing is introduced. In figures 7 to 13 
is shown the influence of orbital mixing for 

values 17, 2+, 37 and 4+, where the two lowest 
/ values for each channel spin are allowed to inter- 
fere. The incident proton energy is chosen as 1 
MeV. In fig. 7 values are also given for an inci- 


| 70 


& Compound state 2* 
s=2 


22 
23 + |92 


Figure 8: Variation with orbital mixing parameter of 
(p,«) angular distribution coefficients. 
Ji 2: m2. 


Compound state 2* 
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Figure 9: Variation with orbital mixing parameter of 
(p,@) angular distribution coefficients. 
JS 2+, 5 << 3. 
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Figure 10: Variation with orbital mixing parameter 
(p, 4) angular distribution coefficients. 
Jt =3-,s=2. 
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Figure 12: Variation with orbital mixing 6 
(p, ~) angular distribution coefficients. 
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"igure 13: Variation with orbital mixing parameter of 
(p,@) angular distribution coefficients. 


J®=4t, s=3. 


hannels leading to the same level are expected to 
e of comparable strength. It seems therefore rea- 
onable to accept only values of 07, not much more 
than one order of magnitude different for the 
ame level. 

The value selected for ô, should give a ratio 
ود‎ ٥ث‎ not far from 1 and preferably below 10. 
A ratio of 1 corresponds to a |9,| between 0.05 
ind 0.15 depending on / values. 

Values of J giving a y> + T (formula 5.2) 
need not be considered. 


.2. 936 keV resonance. 
No simple distribution gives B./B.— — 0.47 
0.05 observed for this resonance. 
For J— 17 a heavy preponderance of the chan- 
nel spin 3 distribution has to be assumed to obtain 
the observed B,/B,. The least extreme ratios for 
he 6? values are given by 
| Ino) = (17, 072; 0.82) 
d we obtain 
Ee زر‎ 7 
With J— 7 
(J5,8,,») = (2*, —0.3, 2) 
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are found as the values giving the least extreme 
8? distribution (05, : 955: 95) — (18: 6:1). When 
the observed width of this resonance, 330 eV, 
is used for Fp, a 05 = 0.12 (d-wave) is obtained 
with the 0? ratios indicated. This is a large value, 
but not an unduly large one. With (2/1) y 
— 65 eV, we obtain Fa — 13 eV (050.01). 
Alternatively we may have Pa —330 eV and 
Tp—13:eV. (05— 0.8 and 05 = 0,005). 

With a spin of 37 a B,/B, — — 0.5 can be 
achieved with no orbital mixing and a x of 0.4. 
This gives (85, : 951) = (2.5 : 1). The other possible 
0۶ values can be of the same magnitude without 
altering this result. With a I’, of 330 eV a 
05 — 0.025 is obtained in this case. l'a is then 
10 eV (84 = 0.016) The alternative possibility is 
Eq 330. eV Lo (10 eX. (Bir 0,55 ROS 
Ca O 

A spin of 4+ does not give the observed distri- 
bution. 

Of the possible values of J^ discussed here, a 
spin of 27 cannot completely be ruled out. The 
case for a 37 assignment, however, seems stronger, 
and this spin will tentatively be assumed. 

Es 10, eV, Es — 330 6۷ — 00's, 
05 — 0.025) are considered the most probable 
widths for this resonance. 


6.3. 1315 keV resonance. 


This resonance has B,/B,=0.11 and a large 
B,[|B,— 0.91. Only J—2 or 4 can reproduce 
these values. For J—2 a large amount of g-wave 
capture and channel spin 3 will give the observed 
values. With 7 — 4, however, the lowest / value 
for channel spin 3 gives the observed distribution, 
and as is shown in fig. 13, the effect of a small 5, 
is negligible. The spin J—4* is consequently cho- 
sen as no particular accentuation of a single 02 is 
needed. A y of 3.8 eV and a lower limit for 
T =4y=15 eV is then obtained. The upper limit 
is 160 eV (Andersen et al. 1958/59). This 


gives, under the assumption I; SS F, the fol- 
lowing values 7 — 3.8 eV and 15 eV < J), 
< 160 eV (83 = 0.006 and 0.003 < 65 < 0.033). 
The alternative widths (15 eV < Ta < 160 eV) 
will give a )27 1)y for the Mg?*(a, y)Si* reac- 
tion at least one order of magnitude larger than 
observed (Smulders, P. J. M., private com- 
munication). The correctness of the assumption 
F,<</ is indicated by the moderate yield of 
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the (p, y) reaction at this resonance (Nor d- 
hagen, 1961). 


6.4. 1182, 1363 and 1387 keV resonances. 

The large widths of the three isotropic resonan- 
ces exclude the spin assignment OT as 4 y then 
will exceed l'. The same criterion also excludes 
Jo 2 1 for the resonances at 1182 and 1363 keV. 

Isotropy, or near isotropy, can be achieved by 
the following sets of parameters with correspond- 
ing 0? distributions. 


1) (5 8r 50 x (1 EE D 

and O ۹٣۹ 4٣ 

2) 07۶۷ 0409, 

pure s-wave capture in channel ; — 2. A7 — 2 


contribution will not change the isotropic di- 
stribution outside the limits of the observed un- 
certainties when 07.., is of the same order of 
magnitude as 8/. y. 
3) Or Ea xta s O OT 2S) 
and the reduced widths approximately equal. 

7 —Á* was considered incompatible with small 
values of B,,|B,. 

When observed in the (p,y) reaction the 
1182 keV resonance has a stronger transition to 
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the Si?* ground state (J*=07) than to the first 
excited state (J*=2+). From the a-distribution 
it can then safely be assumed that the spin of this 
resonance is J” =2+, As T —710 = 130 eV these 
values are obtained for pure s-wave capture. 
La 22 D, 72350 eV, 84 — 0.055 and 05 = 0.003. 

At 1363 keV, with F 7 1.1 keV and assuming 
2), the following values are obtained: 
D, Tp x 600 eV,85 — 0.05 and 65 = 0.003. 
For J= 37, which now is also possible, these va- 
lues are obtained: Pg کے‎ 320 eV or 880 eV; 
T',— 880 eV or 320 eV, 84 = 0.07 or 0.2, and 
82,— 0.01 or 0.003 (p-wave). Kauf mann el al. 
(1952) in their (a, a) measurements found the 
corresponding level (at 2.93 MeV in their energy 
scale). From the shape of the resonance they 
assumed the value /—2 or J —2*. At the same 
excitation energy they also found a (p, p) reso- 
nance indicated to have /— 0, i.e. a 27 or 3 Y state. 
This resonance may be associated with the (p, y) 
resonance at 1362 keV or the (p, a) resonance at 
1363 keV. The proton width of the (p, a) reso- 
nance is however at least three times the total 
width of the (p, y) resonance, and is therefore 
expected to be the dominating one in the (p, p) 
reaction. From these results the value 2+ for the 
level at 1363 keV seems to be well established, 


Table V. 


Comparison of regions of overlapping excitation energy for the two reactions 
Mg?* (a,y) Si? (Smulders er al. 1960)) and Al?” (p, a) Mg. 


Mg'' (a,y) Si28 


Ea Ex (Si88) v^ y”) 
MeV MeV eV 
2.62 02 A+ 0.04 
2.86 12.44 2 0.25 
292 1249 43 0.22 
2:01 T257. 4+ 0.075 
3.22 112575 2 TL 


") See footnote sect. 6.5. 
For resonances at 2.62, 2.92 and 3.01 MeV 


AI? (p,a) Mg 


y‏ کر 
MeV‏ 


751 12.39 

884 12.44 2 

922 12.48 0.45 

936 12.49 2 9.3 
1002 12.55 0.23 
1182 12.73 220 190 8 


ini y is for transitions to first excited state, at 2.86 MeV 1 
state transition and at 3.22 MeV for both transitions. ۲ Exec 


| 


| 
hereas no inforfnation on the 1362 keV reso- 
ince can be obtained from the same experiments. 


At 1387 keV, these values are obtained for 
2: 7, — 240 eV or 50 eV, 1, — 50 eV 
240 eV, 9a — 0.018 or 0.004, 95 = 0.001 or 
“107* (s-wave). Similarly, J— 3^ gives l'a = 
50 eV or 30 eV, 64 0.07 or 0.008, 8, 
003 or 4۰10+ (p-wave). The larger widths are 
vobably the proton widths. At this resonance 
y is not negligible and may be as large as a 
v tens of eV. 


. Conclusion. 


The observed yield at 731 keV can be compared 
ith previous measurements. We obtain 65 96 of 
value obtained by Rut her for dand Smith 
.953), but twice as much as Kuperus and 

ith (1960). The reasons for these discrepan- 
s are not known. The observed yields*capeall be 
zplained by assuming reduced widths in the 
igion found for other reactions (Lane, 1960; 

En der Leun, 1958). 

An interesting aspect of these measurements is 
e direct comparison which can be made with 
cent measurements on the Mg?4 (a,y) Si28 
action (Smulders et al. 1960). In table V are 
splayed the properties of the compound states 
ing in the overlapping excitation energy region 
۶ہ‎ the two reactions. The 1182 keV (p, a) reso- 
nce is evidently the same as the 3.22 MeV 
, y) resonance, as both have 27 and a strong 
ound state transition. The slight difference in 
citation energy may be due to magnet saturation 
en measuring the a-energy in the (a, y) reaction 
ndt, private communication). The 731 ۷ 
"sonance state may be the weak resonance shown 
ar 2.7 MeV on the figure showing the (a, y) 
»sonances (Endt, 1960). 

It is tempting to use the assumption Pa > I, 
, evaluate widths for some of the observed re- 
onances. This, however, is not justified: The 
34 keV resonance is known to be only weakly 
ES in the (p, y) reaction. According to recent 
neasurements in this laboratory the yield (2/+1) 


7 T/T is less than 0.5 eV, and thus TF, 7 7/م,‎ 
0.1 eV. With our value Ta T',/T — 2 eV, 
d from that of Smulders e al. (1960), 


* According to Smulders (private communication) 
le published values of y for the Mg?* (a, y) Si reac- 
n should be reduced by 50 90. 
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Me E = GAS eV. we obtain La — 7٦ 
I’, ~ 0.3 eV and Tp ~2 eV. 

When detailed (p, y) measurements are made 
for the a-emitting resonances, further information 
on the partial widths can be obtained. Experiments 
for this purpose are in progress. 
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Abstract. 


The high energy photoelectric cross section in the forward direction is calculated exactly. 
The Coulomb correction to the second Born approximation forward cross section is found 
to be remarkably close to Pratts Coulomb correction to the total Sauter cross section. 


1. Introduction. 

As is well known the Born approximation pre- 
dicts zero probability for emission of photoelec- 
trons in the direction of the initial photon. It is 
also well known that is a defect of the Born ap- 
proximation and that one should expect an appre- 
ciable intensity in this direction. These questions 


have recently been investigated experimentally by 


HultbergandNovakov (1957) and Hult- 
berg (1959) and theoretically by Sauter and 
Wiister (1955), Nagel (1960) and Reitan 
(1961). 

The exact theory of the photoelectric effect 
leads in general to complicated expressions for 
angular distribution and total intensity of photo- 
electrons. At high photon energies, however, great 


simplification may be achieved, since one may 


| 
| 
| 


here use wave functions of the Sommerfeld-Maue 
type which have previously been applied in cal- 
culations of the Bremsstrahlung and pair produc- 
tions processes by Olsen el al (1957). This was 
pointed out by Prange and Pratt (1957), 


who calculated the high energy tail of the photo- 
electric absorbtion coefficient. 

In the present work we shall show that for high 
energy emmission of ( photoelectrons from the K 
shell in the forward direction, the pertinent inte- 
grals may be performed exactly and that simple 
approximations for the cross cection my be ob- 
tained. 


2. Matrix elements. 

For the initial electron in the K shell we use the 
exact wave function in a form similar to the Born 
approximation used earlier by Olsen (1958), 


1 
4 SOLI () 
وی‎ © 


| 
yer» 


4 


with ۱ 
g (r) = Nr? -1 er, 
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Here y — 11-22, ø is the Pauli spin matrix and 


the 


2 


4 


— and 


fic 


vı the Pauli spinor, 4 =- normali- 


zation factor is given by 


N=—=(2a)y+4 ۳ 5۷ 
ZU 21 (1 2y) 


Lengths are measured in units of the Compton 
wave length and energies in units of ۰ 

When the initial photon has high energy, the 
emitted electron is relativistic 


(2) 


k‏ بح ره - مم سے ع 


Following the same lines of discussion as in 
Olsen et al (1957) it is easy to see that since the 
momentum transfer q— k — p is always of the order 
1, then the important contributions to the matrix 
element come from regions in space r — 1. But in 
this region the Sommerfeld Maue function F(r) 
satisfying 


(Vil 2ip- V —26eV) F—0 (3) 


may be written as in Olsen et al (1957), Sec 5b 
Z 

F—e'*, with y=— [V(o,S)d $ (4) 
oo 


This state describes ingoing spherical waves, 
66۹ tlie 
present calculations we are not interested in polari- 
zations and since the electron initially is in a bound 
state, we may egually well have used y of Eg. 
(5b.4), of Olsen et al (1957). This follows 
immediately from the properties of space and time 
reversal, see for instance Olsen 1955. 

That this wave function is correct in the region 
r — 1 follows immediately since the first two terms 
in Eq. (552) of ۵ 


—iV پر‎ (V3) -2p- Vx -2«V-—0 


are much smaller than the last two terms. 
The wave function for the high energy electron 
in the final sate is thus 


MN M 
«9 - [/ Le? 1 [s p Jos (5) 
E 


The matrix element for the photoelectric effect 
is given by 


M بل لے‎ ae ett yy. 


Using notations analogues to those in Olsen 
(1958) this may be written 


du, ee 
xn) Mn [CP 


with 


centees-Llu), 


lym ed SIS or y'n 


(6) 


a iqur—ar—i3 = 
d3 x m'r (7) 
4| 


Defining as in Olsen (1958) 


I, —7 


r= 8 

sia (8) 

the squared matrix element averaged over initial 

and summed over final electron polarizations may 
be written 


i= 1, 3 


= ۸|9 |1٣ (9) 


3. The integrals. 


The integrals J, and I, may now easily be 
performed when p is parallel to k. Since screen- 
ing may always be neglected at these high ener- 
gies, we have apart from a constant phase factor 


iX — gia ln [r (1 4 cos 9 )] 7‏ <م 


Introducing polar coordinates the calculation is 
straight forward 


LS 2 f eT igr cos Ü—ar ri +1- ia (1 + cos 0) 
- 41 

X drd (cos 9) = 2n | trn 
o -1 
0 ۲ 

X (a Fig x) * dy = ججج‎ ro? 21-76 (qa — igy t 

X of (4, 1 — ia; 2— ia; x!) 


with a—2-ry—ia and سح << رز‎ 


Lo» 


ithe same way one finds 


a I (a) 
I —k a 2—ia EN a 
| i= 12 en, Es (a — iq) 
i siat) typ. (11) 


he quantity I” is therefore up to relative 
ters 1/6 


I —k(I,— 1). (12) 
he argument of the hypergeometric functions 
greater than one. Analytic continuation gives, 
ignus and Oberhettinger (1959) 


(&,1—i2;2 Ea aT‏ 7و 
کے F-a at), a.‏ 
(Z sy‏ — ر —( 2 E: TUN‏ 
2a‏ — 1 
x TT V(0, x)‏ 


of, (4, 2 — ia; 3 — 


O 0ت‎ NO 
E T (a) 
2 


(— x) —(— a 


X 


E V(—1, x) 
y 


where |arg(— x)| <m, and (n— 0, — 1) 
(n, x) 2 (1— x), A (1,2 + 22; 2 4- n 4- y, x) 


he exact formula is thus 
21-ia 


LLUD DL y‏ اب 


-1 
1 y (— xy1-?[(e = 1)y + 222(1— ía)x] 


۲ 
AU (+ E, J (13) 
0 Ss چس‎ x 
| um 
je cross section in the forward direction is then 
ھ7‎ ha, 4 1 
کم‎ -=I 
۱ d (2 BL mc me yM Hs 3 (14 


lh N given by Eq. (2) and - I, by Eq. (13). 
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4. Approximate expressions. 

In order to obtain useful approximations to 
Eq. (13) it is convenient to expand V in a power 
series of the quantity (1— y) which is always 
smaller than 0,26 (Uranium), To this end we 


write 
وگو‎ )1, 22: 2 y; x) 
bn ar O 
وید تھ-‎ + i v; | ا‎ NG 
Oy y —l 
In this way one gets 
2 
V (0, x 1— x)! ‘| - 
Need 1 x" (1 — ia) (2 — ia) 


al eta) A‏ یل از 


+(1—y)ia(1 - ia) x gle) -- 0 E 


where 


f G1 )1 1 22( 0,457 x 
+ (1 + ia) (2 + ża) 0,111832 +... 


and 


g(a = 1 + (1 + 12) 0,325 x 
+ (1 + ia) (2 + 22) 0,077 à? +... 


2 
Actually, since | «| ا‎ and the coefficients 


in front of f(x) and g(x) are small, we shall 
leave out the terms in V involving f (2) and g(x). 
The error introduced thereby is estimated to be 
at most of the order of two or three percent 
in I, - I, and of the order five percent in the 
cross section. 

In this way we obtain finally 


1-22 


7-7 — 22 F(a) (249) تسج‎ 
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: iven in Table I. We have also given in Table I 
X i t عو‎ LM e ad in Fig. 1 the Coulomb correction to the 
A second order Born. approximation, 
J 1 21 — (a) x 
X big voi ea Ml ique Gla) = 7 +0 This second order 
2 )1 = a)? dQ d ۵ T 
Bum — ia) y Born approximation is obtained by incerting in 
2 1 PP 
£ ui zd l Ty ; Eq. 14 for رآ ول‎ the value given by Eq. 16 and 
> 1ب1‎ for N the value d'P/n P, thus 
2 (1 سے‎ wyd 
" h e 
E (1— da) (2 — 22)? QF y) I = = dor 2 a! پر‎ (4 Tn"). 


x [r 1+ y+ ia) (1 — «(2 — ia) + +7) ta (1 — ta) 
(za (1 — ia) 3 


2—ia 


EIT 


For light elements only the lowest power of a 
is important. From (15) we find in this case 


ina (2 + ir) (16)‏ —= ,]و[ 


This results gives for the quantity X introduced 
by Hultberg (1959) 


LEA 2 
۰ dQ | M Ows 


ل = 


3 
2 
-(3) (n? + 4) a? = 5.85 a" (17) 
in agreement with the high energy value derived 0 y 
by Nagel (1960). 0 ۵1 02 03 04 05 06 Q7 
Fig. 1. Coulomb corrections to the total photoelectric 
ہا یی او یکاہ‎ discussion. cross section F (a) (from Pratt (1960) and to the forward 
i cross section G (a). | 
Using Egs. 2, 14 and 15 we have calculated 1 
the forvard electron ip die cross section in From Table I G(a) is seen to be remarkably l 
TET AW aar a'y Neeru are 6 Coulomb correction to the total 
8m mcme Sauter cross section. : ۱ 
Table 1. 
Ze l 
iare) 0 0.1 02 03 04 05 e 
hc s E 
(do(0)2Qye 435 313 22 17.9 13.5 10.7 8.4 6.0 
G (a) 1 0.72 0.533 0.412 0.310 0.245 07:195; —0.138 
F(a) rai 0'6964 0.5138 0.3942 0.3145 0.2599 0.2224 0.1963 
G(a)lF(a) 1 1.03 1.04 1.045 0.99. 0.95 0.88 0.70 
: fA s Es sik PE Ur 
The forward photoelectric cross section in units of da سے‎ — & — gf, 


the Coulomb correction to the forward cross section G(a), and to the to 


tal cross section F(a) 
(from Pratt (1960)) and the ratio G(a)/F(a). ex 


~~ 


Otot 


Flo — 


ys , 
G1. B, tot 


taken from Pratt's work (1960). C,-mir iS the 
|l. Born approximation Sauter cross section. Ex- 
ept for the very heaviest elements the difference 
between F(a) and G(a) is only a few percent, 
s shown in table I. 
In fig. 2 is given the ratio between the forward 
cross section do(0)/dQ and the total cross section 
Oiot in units of a? 


k/mc* 


"ig. 2. x' as a function of £. Curve A is the second 
orn approximation result of Reitan (1961). Curve B 
as been drawn on the assumption of a constant Coulomb 
correction G(a)/ F(a) for all energies. Curve B and 
the experimental points, Hultberg (1959) 
refer to Uranium. 


x =~, (da (0) / d Q)/ ut (18) 
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as a function of £. Curve A is valid for light ele- 
ments and is calculated from Reitan's 2. Born 
approximation results (1961). At high energies 
and for heavy elements the 2. Born approximation 
is changed by the Coulomb correction factor 
G(a)|F(a). For Uranium this amounts to a 25 
percent decrease of x’. A constant decrease of 25 
percent for all energies (curve B) would increase 
the agreement with Hultberg’s' experimental re- 
sults somewhat, but the experimental point at 
1332 keV still lies far below the curve. It should 
of course be noted that there is no theoretical 
justification for a constant Coulomb correction 
of this kind. The experimental values of x’ have 
been obtained by numerical integration of Hult- 
berg's differential cross sections. 

The reason that we have used x’ defined in 
Eq. (18) rather than Hultberg's definition x of 
Eq. (17) is mainly because the total cross section 
Trot iS in general better known than the maximum 
cross section (do/dO) max: 

We are indepted to Dr. S. Hultberg for infor- 
mations concerning his experimental results, and 
to Mr. Reitan for informations concerning nume- 
tical values of Tmar 
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Abstract 


By unitary transformations the Dirac equation for a particle in an electromagnetic field is put 
into forms which are closely related to the classical relativistic Hamilton-Jacobi equation. An ex- 
pansion in terms of A is made. The first order terms, containing the spin-interactions, are given 


explicitly. 


As an introduction to our problem we present 
the standard transition from the quantum mecha- 
nical Dirac equation to the classical relativistic 
Hamilton-Jacobi equation (W. Pauli, 1933). 

The Dirac equation for a particle in an elec- 
tromagnetic field is (we put c=1): 


(ey +و+مد+(ہ-‎ poe 0 
i i Ot 
By writing 

Y= „exp és 


and multiplying (1) by exp (—7S/h) from the 
left, we get 


hall 7 ranas n) + Pm beat 


This does not mean a transformation to a new 
Hamiltonian, but corresponds to the arbitrariness 


of the potentials A and @ with respect to a 
gauge-transformation. 
The state function 4 is now expanded in terms 


of fi: 
یوک بر‎ 1 fiu, سل‎ OO O OO 


The zero order eguation becomes 


0 
| a (grad S — “Y O, 
which, on multiplication by 


0 
(a grad $— eA) + Bm - eb — 5 


from the left, gives 
ی‎ ants 3 
(grad $ — eA)? + m^ — $; tee ty = 0: 
As the operators (matrices) a and 6 have dis- 


appeared, the spacetime function in the curly brac- 
ket must be equal to zero, i.e. 


05 


"t V (grad S— eA): + m* + ed 3: x0 2) 
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This is the Hamilton-Jacobi eguation for the ac- 
tion function $ (for both positive and negative 
kinetic energy). 

We notice that the spin is not present in the 
classical limit, where A =0. To discuss the pos- 
sibility of keeping the spin, we might consider 
the second order Dirac eguation, obtained by 
"squaring" (1): 


| (^ Wo H + chia E 
iy mea +m’ — eho H + ehia E — 


h 9 | ls 
= |= TE 4 
/ ap To Í (4) 
The transition from the quantum mechanical dif- 


ferential operators to the classical quantities was 
performed by the transformation 


1 7 ۱/۸ 0 i 
lim exp TA Is. P n? = 


7-0 
E 0 A 0s 


i Ox ES سخ‎ 


FH u 


— ۵۱ 
71 -< 0 


The analogous unitary transformation of the 
spin in (4) would be 


و << A‏ 
سی ا کک 


where the components of the "classical spin" s 
should commute. This equation, however, has no 
solution for s different from zero, because the 
anti-commutation rules are preserved by a unitary 
transformation. 

The purpose of the present paper is now to 
perform "semiclassical" transitions, in the sense 
that we keep the terms which are of first order 
in fî, besides the zero order term. We will then 
get a certain insight into the role played by the 
spin in the total energy, near the classical limit. 

In spite of the classical appearance of eq. (4), 
where the spin occurs explicitly, it would not be 
correct to base the approximation on that equation, 
and for several reasons. In the first place it con- 
tains the anti-Hermitian term ; « E, Secondly, the 
"odd" matrices a, mix the upper and lower pair 
of the components of Y', which makes the distinc- 
tion between positive and negative energies un- 
clear, and consequently the classical interpretation 
difficult. And at last, eq. (4) is not the original 
Dirac equation. ۱ ] 


Hence we return to eq. (2), which will be 


written as 
Ku=0, (5) 


where 


n =a y= Aja‏ بر 


7 
/ ‘A 0 
+ ورق‎ Te p ge: 
; 05 
eA’ = eA — grad S, ed mc 


We now want to convert K by a unitary trans- 
formation to an "even" operator, ie. such that 
the upper and lower pair of components of the 
state function .are not mixed. A necessary and 
sufficient condition for this is 


[K*, 8] =0, where K” = UKU. (6) 


According to Eriksen and Kolsrud (1960) 
one may find several transformations of this 
kind, which lead to explicit results to first order 
in some expansion parameter. In our case this 


parameter is fl, and we just want K” to first 
order, in accordance with our semiclassical ap- 
proximation. 


Looking at (2), we put 
K= Ko + AK, 
where 
و1‎ — 0۲ 1 5m —W-—eT—W, 
R, S —ia V — 10/01, 


b= grad و‎ — eA, 
W = — 05/0t — ed, (7) 
T=Vb? +7, 
b 
متا کی‎ da ii) 7 
Vb? + m” 


According to eq. (3) our quantities have the fol- 
lowing classical meanings: | ۱ 


b = total minus potential momentum 
— kinetic momentum, 


W = total minus potential energy 
— kinetic energy, 


i 


| 
; 
1 
1 
۱ 


۰ ۱ bo 
4 
v^ 1 


— kinetic enefgy expressed by the momentum 
(including the rest energy). 
"he (positive energy) Hamilton-Jacobi equation 
0 requires that T— ۰ 


We now return to the condition (6), which is 
uivalent to 


IR, A]=0, where A= UBU— A— A^! . 
Xxpanding A in terms of f, 
A — A, + hA, FA, ..., 


ne may, as shown by E. and K. find each 4, in 
ais series, when the first term is given. We 
oose 


- Ky _ pip 
VK; V6T—W) ee 


r the (positive) square root we take 
YVK*—T—cW, (9) 

cause, as c? — 1, 

(eT — W)? =(T — We). 


e has eigenvalues — 1, eg. (9) implies that 
re should require 


T )۳,#( WE) 


in case T=W, that we understand this equa- 
as 


3 


e im Wags 3). 
òd— 0 


here ô << 0. 
From (8) and (9) we then get 


E abi Drm WM vel WF ا‎ 
V(ab-c-ám— Ww)? T—:W 
ab + 6m 


Vir 


O 


(10) 


| 
vrst transformation. 


| According to E. and K., eqs. (67) and (71), 
e following transformation function 


Vie V 84, VA, A As Uo V 4.4, 


ads to the result 


(11) 


Semi-classical limits of Dirac's equation Do 


K* = URU = U, K, U, + h (U, K, Up) e” + 
+ . . . (higher order terms in A). (12) 


As =£, we have 
= V 8e = (1 + Be) (2 + وم‎ + eg) 19. 
Hence the zero order term in (12) is 
Uy Ko Uy = V ge (eT — W) ۷ e8 = BT — W, (14) 
because T and W commute with 8 and e, and 
V 8e € Ves — f. 


We will now evaluate the 1. order term in (12): 


(13) 


(K* (ORK, Da) = UGK, US OR PS 


+UsKi UG 0 Ri a (15) 


” es » tt 


Here the upper indices and "o^" mean "even", 
ie. commuting with 6 id "odd", i.e. anti-com- 
muting with ہم‎ respectively. Any operator, say O, 
can be written as 
0= Q0 + gr, 

where 

O= $ (O + 609), O° 1(Q — 808). 
From (13) and (7) we get 


کت 
۶ ا 006+5۷ 
Gab e o‏ "و 
6ی eU‏ 
ss as (8)‏ © ا ا ا 7 /|- 


Furthermore, from (7), 
K, سے‎ — ja V — 10/0; = Ky + Kj. 
We insert (16) and (17) into (15): 


Sw pab y'th ges. 
(N= ETUR V repu 


LANE baf 
+ ^ ۷ + 
0 / و -ل۔‎ 2 EE 


20700 7507 2T. 
Cab 10 bag 
V2T(T+m) ۶ dt V 2T(T+m)’ 
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which yields the result 


a | curlb 
Mis 6 A'T TTE 7۳9 


x (area BT + 
ob|| , ۱ 1 2 
یت‎ vies um 
According to (7) we have 


curlb = —ecurl A= —e H. 


If the term grad fT in (18) were replaced by 
grad W, we could also introduce the electric field 


(CRA) ys 


oA 
grad vis — e —— (gad p+ A) — e E. 


This may be accomplished by an additional uni- 
tary transformation, where s is of zeroth order: 


K 77 — exp (hs) K* exp (—7hs) = 
=T ۳ FAK tih e A (19) 


As the term in question in (18) is 


h b> grad BT _ ho X b 


2 crani ES 
A ob ob 
llets: hex اک و‎ s| 


we see that the choice s=curly bracket will yield 
the desired result. 


We put 


deine 
2 


and thus get to first order in fi: 


K?” = 8T — y — £s (pH Ex, B 


T 
E ا‎ 
In the classical limit, where h=0, we get the 
relativistic Hamilton-Jacobi equation (8 = + 1): 
E e. 


ie. eq. (3), according to (7). 


The spin term in (20) coincides with the "clas- 


2 è = e ۳ TF ۵ 
sical limit of the spin ۶۶۰ ٦٣٢ 


and K., eq. (73), to first order in the charge e. 
In that connection we notice the similarity be- 
tween the respective transformations, namely 


VBA سم‎ VA وم‎ A 


and 


Vga (h=0) VA (4—9) sas 


Second transformation. 


According to E. and K., 
eguations preceeding (72), 
function 


eg. (68) and the 


the transformation 


= ۷ ۵7 ۷۷۸۷ 6 (21)8 


gives the following result to first order in A: 
۳ a 71 , ۵ , 
K = (K^) A, [A arr 


h aues 
E 8 [45 1," [+ , 
where, as before, 
(K*), = BT — W. 
The meaning of the dash is the following: 
ابر‎ = ۷ 67 F Vne, 
where 
N = ify = e, وھ‎ O, Û. 


As 6n-+78=0, we have (cfr. (13)): 


Vo er 


ya 


Hence, according to (7), 


a 
T 


0 
R, رڈ‎ Ae cp Run 


~ 


is 4, ره‎ from (10), we may write (22) as 


h 1 0 
K” = Zr مع‎ i / ee 
(R Jg EE 


f 
وب‎ +۳ 
D 7 + 


h 0 0 
a= 2 fi Jas 
(K pi AE ee $e] | 


b — ym‏ ہے 
T ame T sy) s.‏ 


Vith an additional transformation, analogous 
(19), we get the following result, to first order 
1 B: 


۳ Y n 
Eur—sr—py-—tsleH--Ex-— aU 
867-۳ رک + 6ئ‎ gm) 


as (24) 


b ہے‎ b ho 
a AU a Tae 
We notice that the spin term in (24) coincides 
— to first order in e — with the «classical limit» 
tr 


the spin term in H € 


in E. and R., eq. (74). 


he transformation functions are also analogous, 
mely (21), with the index zero meaning e=0 
fi —0, respectively. 

According to (20) and (24) the magnetic 
oment of our Fermion is equal to 


A 


e 
LS 
B Gf Ll 


, in the non-relativistic limit, the well-known 
xpression 


ees: 
m 


| Next, according to (20), the spin-orbit term 
; equal to 


Semi-classical limits of Dirac's equation all 


because the velocity v—b/T. In the non-relativ- 
istic case we thus get the usual spin-orbit term 


ES S (E v). 


In (24) the coupling between spin and elec- 
tric field is different. As a curiosity we would like 
to mention that if we required that the expressi- 
ons (20) and (24) should be equal, we would get 


b b 77 


b 

S|lExX—— |= SE. 
ee) f. 

Then the spin-orbit term in (20) and (24) would 

both be equal to 


e 
8 SE (25) 
which is completely analogous to the magnetic 
term 


g 
— 23 


The energy term (25) would correspond to an 
electric dipole moment for the Fermion egual to 
the magnetic one. 
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discharge. 


Introduction. 


The green oxygen line at A—5577 Å in the 
ightglow has an intensity of a few hundred Ray- 
eighs (1 R—10* quanta/cm? (column) sec). Un- 
til recently it has been widely believed that the 
sexcitation of this line is due to three-body re- 
icombination of oxygen, leaving one oxygen atom 
in the excited 1S state, a process which was pro- 
[posed by Chapman (cf. Chamberlain 
1961). Recent laboratory measurements of the 
rate of this reaction seems to prove that it ac- 
itually is much too slow to account for the ob- 
"served nightlow intensity of the green [OI] line 
25577. (Young and Clark 1960, Barth 
and Hildebrandt 1961). This, and the cor- 
i relation between the magnetic activity and the 
‘intensity of the green [OI] line in the nightlow 
(Roach 1960), lend some support to the theory 
‘that horizontal electric discharges may contribute 
to the excitation (Tandberg-Hanssen and 
Roach 1960, Wulf 1953). Lebedinsky 
(1955) has suggested that horizontal discharges 
may be important in aurora, and Chamber- 
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Abstract 


The posibility that the emission of the green [OI] line in the nightglow is due to a discharge 
mechanism in the ionosphere is examined. It is concluded that the electric field strength required 
for this process to be efficient is unacceptably high (more than 10-2 V/cm). In the Appendix is 
developed an integro-differential equation giving the energy distribution of the electrons in a model 


lain (1955, 1961) has discussed vertical dis- 
charges as a cause for auroral rays. 

It seems now reasonably certain that discharges 
along the magnetic field lines cannot contribute 
to any observed optical emission (Chamber- 
lain 1961, Omholt 1959 b). The main reason 
for this is that the conductivity along the lines of 
force, with the currently accepted electron and 
neutral air densities, is much too high. The elec- 
tric field necessary to produce a suitable energy 
distribution of the electrons would then produce 
an enormously high current, which is not compa- 
tible with observations. Also, the spectral charac- 
teristic would change drastically with height be- 
cause of the variation in mean free path of the 
electrons. 


In horizontal discharges at right angle to the 
magnetic field lines the situation is different. In 
this direction the movement of the electrons is 
hampered by the Lorentz force, and thus the elec- 
tric field required to maintain a given current 
density is much higher than it would be without 
the field. This increases the average electron 
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energy and thus increases the probability of ex- 
citing optical emissions. Some crude considerations 
(Omholt 1959b) show, however, that even 
this mechanism is very unlikely to be important 
in aurora, where the electron density is high. In 
the undisturbed ionosphere the electron density 
at night, in the E-layer, is much lower, thus the 
probability that efficient discharge mechanisms 
may excist increases. The suggestion that current 
densities of the order of magnitude 10-10 A/cm2 
should be capable of explaining the magnetic 
variations in sub-auroral regions as well as the 
excitation rate of the green [OI] line therefore 
deserves some attention. 

This paper is an attempt to examine this sug- 
gestion in more detail, the crucial test being 
whether it can be reconciled with the observed 
nightlow spectrum and absolute intensities. We 
shall not concern ourselves about the set-up of the 
electric field, but shall assume that the currents 
are present. Our questions are then: with these 
currents established, what is the necessary magni- 
tude of the electric field, and what are the ener- 
gies of the electrons? Is it likely that the energy 
distribution and electron density is such that it 
can explain the night-glow spectrum and the in- 
tensity of the green oxygen line, which is a few 
hundred Rayleigh? As we shall see, the conclusion 
is also here largely negative. It seems, however, 
that excitation by accellerated ions could be of 
some importance, although not to the excitation 
of the green line. 


2. The horizontal currents and field strengths. 

The contribution to the conductivity across the 
magnetic field, in the direction of the electric 
field strength X, by the electrons or one species 
of ions, is 


ve? 

۶17-7 mih F e) o 
where o—eH|m, m is the electron density, v 
the collision freguency, H the magnetic field 
strength, and e and 7 are the charge and mass of 
the electrons or ions carrying the current (cf. 
Alfvên 1950). The maximum value of the 
specific conductivity o, /2 occurs where the col- 
lision freguency v is egual to the gyro freguency 
رہ‎ the maximum value of o,/” being e/2H, which 
in the ionosphere has a numerial value of about 
1.6x 10:11 Acm2/V. For electrons this occurs at 


an energy dissipation of 2x 105 eV/cm3 sec, or 


a height of about 75 km, for positive ions at 
about 110 km. The Hall current, in the direction 
at right angle to both the magnetic and electric 
field, may contribute to and even dominate the 
current system responsible for the magnetic dis- 
turbances, but leads to no energy dissipation. 

The electric field strength across the magnetic 
field lines is probably fairly constant with height 
above 90 km, since here the conductivity along 
the field lines is much higher than across the 
fields lines, thus no great electric field can be main- 
tained in vertical direction. The relation between 
the current and electric vector X is rather compli- 
cated, but the numeric value of the maximum 
specific conductivity at E-layer heights is of the 
same order of magnitude, also where Hall cur- 
rents are dominating. It is likely that in the lower 
part of the E-region (90—100 km) the Hall 
current due to electrons is the dominating one 
(the Hall conductivity being co— oc, |v), whereas 
a little higher up (110—130 km) ion currents 
(ordinary as well as Hall currents) also contri- 
bute to the current system. Net currents as a result 
of Hall currents can only excist where the elec- 
trons and ions have different specific conductivi- 
ties, and above approximately 130 km the elec- 
trons and ions drift with the same speed in the 
same direction, causing no net current. The maxi- 
mum effective specific conductivity will in any 
case be of the same order of magnitude as that 
for the specific conductivity along X, For e—v 
the two specific conductivities in guestion are 
egual. 

If we thus adopt the value 1.6 x 10-11 Acm2/V 
for the specific conductivity in the main net cur- _ 
rent region, and a current density here of - 
10-10 A/cm2, we obtain an electric field of / 
X—(6||n|) V/cm where m is given in elec- — 
trons/cm3. Taking the night-time value of 7 to 
be not less than 103/cm3 we get a field strength 
not greater than 6 x 103 V/cm. At about 97 km, 
where the green line has its maximum intensity - 
(Tousey 1958, Packer 1961), the specific 
conductivity c, /z along X is about 10-12 Acm2/V. 
With an electron density of 103/cm3 this yields 


4 x 1011 eV/cm2 (column) sec if we assume that 
the thickness of the emitting layer is about 20 km 
(cf. Packer 1961). oy 
This input energy is in harmony with that in 
aurora, which probably is about 6 x 1011 eV/cm2 


ےم 


column) sec for an aurora of brightness coeffi- 
ient I (cf. Omholt 1959 a), but we must bear 
mind that the relation between the excitation 
jte of the [OI] emission and the total energy 
tissipation depends critically on the energy distri- 
ution of the electrons. This is probably very dif- 
rent in the two cases. In the discharge the elec- 
ons are accellerated to excitation energies (4 eV) 
om thermal energies, whereas in the aurora se- 
ondary electrons are released through ionization 
»rocesses, with energies of several eV, and there- 
fter loose energy through inelastic collisions (cf. 
mholt 1959 b). 

The height of the maximum nightlow A5577 
mission, 97 km, seems not unreasonable. Higher 
ip the specific electron conductivity along X 
Ils of rapidly. Lower down, until“about 80 km, 
e specific conductivity increases butsheré the 
lensity of electrons and particularly that of the 
»xygen atoms fall of rapidly. The increase in col- 
ision frequency caused by the discharge will also 
nd to increase the conductivity at 97 km, with 
. corresponding increase in the energy dissipation. 


Electron energy distributions and excitation 
tes. 


Obviously our considerations regarding the 
nergy dissipated in the discharge are not im- 
ediately applicable to our problem. It is neces- 
ry in addition to consider the electron energy 
listribution and excitation rates. Neither are 
hamberlain's (1955) computations on dis- 
harges immediately applicable here, since the 
agnetic field in our case is very important. 
hamberlain's eguations would be valid if 
e collision freguency were much higher than the 
ro freguency, but for the electrons the contrary 
the case at the heights we consider (Nicolet 
1953). 
In the appendix is derived an integro-differen- 
ial equation which governs the electron energy 
istribution in a model of some similarity with 
e upper atmosphere, and essentially the same 

odel as used by Chamberlain, except for 
fhe magnetic field. It turns out that the new 
quation is very similar to that derived by Ch a m- 
erlain. The most important difference is that 
2ر‎ in Chamber lain’s equation is replaced by 
Ee in the new one, e,=Xed being the energy 
ained over one mean free path X in the direction 
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of the electric field X, e=mX2/H2 is twice the 
mean drift energy of the electrons in the presence 
of the magnetic field, and E the variable electron 
energy. As pointed out in the appendix eq2/4E 
and e are the mean energy gains for the electrons 
between two collisions in the two cases. 

If we adopt 7—103/cm3, giving X—6 x 3 
V|Jcm, we get £—10-3 eV (H=0.5 gauss). Since 
E is in the range zero to a few eV, we get the 
relation between average energy gains in the two 
cases (magnetic field and no field) 


e? > ۵ (2) 


for ره‎ ~ 0.1 eV. It is evident that the higher e, 
or e are, the more favourable is the electron 
energy distribution. Because of the similarity be- 
tween the basic eguations it seems certain that in 
the presence of the magnetic field and with 
<م‎ 10-3 eV we obtain a no more favourable distri- 
bution than with no magnetic field and ء‎ 0.1 eV. 
But from Chamberlain's computations this 
value of ey, with 7— 103/cm3 and an atomic oxy- 
gen density of 1012/cm3, gives a total exitation 
rate ورد‎ of the green [OI] line of about 10/cm3 
sec and a ratio between the excitation rates of the 
red and green [OI] lines, 549/543, of about 104. 
Obviously these values are not compatible with 
observations, the resulting green line emission 
beeing much too low, both absolute and relatively 
to the red lines. Assuming a thickness of about 
20 km of the emitting layer the observed green 
line emission is of the order 102 to 103/cm3 sec. 
The observations show also (Tousey 1958, 
Packer 1961) that the red lines are very weak 
at 97 km, the luminosity beeing mainly located 
above 150 km. Even in aurora, where the ratio 
between the excitation rates rather is of the order 
10—20, the red lines are only two or three times 
weaker than the green line at this height. Thus 
the collisional deactivation of the red lines is not 
likely to bring the intensity of the red lines in 
harmony with observations. 

A substantially larger electric field would alter 
the situation completely. But since it is hardly 
realistic to assume a current density much higher 
than 10-10 A/cm? (during substantial magnetic 
storms the current density is proably only a few 
times 10-9 A/cm2, cf. McNish 1938 and O m- 
holt 1959) this requires a correspondingly lower 
conductivity, i.e. lower electron density. From 
Chamberlain's computations it turns out that 
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we can get reasonable values for the excitation 
rates (544 ہے‎ 103/cm3 sec and 549/543 > 10) with 
a value of e, of one eV or a little less. Rising £ 
to 1 eV and e to 0.1 eV conserves the unequality 
in eg (2), ie. with e—0.1 eV in our case we 
should expect a no more favourable electron energy 
distribution than with e, ~ 1 eV in the no-field 
case. But this value for e reguires a field strength 
of 6x10-2 V/cm, which is unacceptably high. 
One reason for this is the high drift energy the ions 
would get. The ions in the ion conducting layer 
(oion — Vion) must be exposed to the same trans- 
verse electric field because of the high conductivity 
along the field lines. The ion drift energy 
En es Tu? = Mp XA? EM 
would then be much more than 1 KeV, which 
probably would lead to observable optical effects 
since the total dissipation of energy in the ion 
conducting layer probably would be of the same 
order of magnitude as in the electron conducting 
layer. This optical emission could not be the 
green [OI] line, because the ions are believed to 
be very inefficient in exciting this line, and also 
is the height of the ion current well above the 
emitting layer. 

Also, this field combined with the same current 
density requires an electron density as low as 
102/cm3. It seems likely that a recombination time 
of several hours without new ionization is re- 
quired to reach such a low electron density, and 
it is not likely to occur. 


4. Conclusions. 

From the considerations in section 3 it seems 
very unlikely that the electric currents in the iono- 
sphere can be responsible for the excitation of 
the green [OI] line. Actually, it is more reason- 
able to assume that the maximum electron density 
in the E-layer during steady state night-time con- 
dition is even higher than 103/cm3, and if this 
is the case electron excitation can be completely 
disregarded. 

It is not unlikely, however, that the ions, with 
their larger gyro-radius, have drift energies and 
an energy gain between two collisions of a few 
eV. These ions would not yield much direct ex- 
citation, but they could more readily cause charge 
exchange or ion-atom interchange processes than 
do thermal ions (cf. Massey and Burhop 
1952). 
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Appendix: 
The differential equations for the electron energy 
distribution. 

A. 1. We shall here derive a differential equa- 
tion giving an approximate energy distribution 
curve for the electrons, in a similar manner as 
did Chamberlain (1955) for vertical dis- 
charges along the magnetic field lines. He fol- 
lowed the general lines of Smit’s (1936) de- 
rivation of energy-distribution curves, considering 
the number per cm? per unit time crossing the 
energy E towards higher (7^) and lower (47) 
energy as a result of (4) accelleration by the elec- 
tric field X, (4) elastic collisions with atoms and 
molecules, and (c) inelastic collisions. | 

The condition of steady state requires that 


(n' =g nox ze (n' = WE = y idt — 0. (A1) 


Superelastic collisions (”’ineiast) and elastic col- | 
lisions with ions are neglected as unimportant. | 
For elastic collisions Smit derived the follow- 

ing expression for low energies: 


3 MÀ ۱ 
رت‎ A dv 
[E 2 (E) A 5 ; (A2) j 


where N, is the electron density, M the mean — 
mass of the atmospheric atoms and molecules, À 
the mean free path of the electrons, E, the ther- 
mal energy of the atmospheric particles, and 
W (E) the normalized energy-distribution func- | 
tion. For z",,,,,,, we have: 


GEE 
E+ E) 
r> ds, 
ne ZN; | Q (E) VE W (Ejaz, (A3) 
where O; and E, are respectively the cross section 
and energy loss for the electrons suffering the 
jth kind of important inelastic collisions, N; the 


density of the particles in question, and the sum 


oe 


| 


| 


| 
| taken over all important processes. For discharges 


wong the magnetic lines of force Chamber- 
in adopts S m i t's expression, which we write 


IE de _‏ 801ھ 
p. ae 0 —— |W—2E , (A4‏ 
n )x 6 77 WE ۱ d£ ۱‏ 


| 


there e,— Xe2A, the energy gained by the elec- 
ions in the field X by falling a distance of one 
sean free path A along the field. Eg. (A4) should 
valid also in our case if the mean free path A 
rere much less than the gyro radius (i.e. the col- 
ion freguency much higher than the gyro fre- 
ency). This is not the case at the heights we 
onsider (Nicolet 1953), and it is therefore 
cessary to derive an expression for. (n'—n")x, 
ing the effect of the magnetic field into ac- 
unt. Wm 
m 
A.2. We refer in these derivations to an 
thogonal coordinate system defined by the unit 
ctors e,, e, and e, e, and e, being directed 
ong the electric field X and vertical magnetic 
ield H respectively. 
After a collision the position vector r of a 
ingle electron is given by 
0د‎ — rz, TF ut P C), (A5) 

here r,, is the position vector of the gyro center 
nmediately after the collision, u the drift velo- 
ity of the gyro center (v=X/H), and p(t) the 
dius vector from the gyro center to the electron. 
It can be shown by use of general formulae 
‘cf. Alfvén 1950) that, putting origo at the 
ooint of collision, 
(A6) 


Poo = Xgo e; dod e, 


drift velocity (u being directed along 
je unit vector e,), € is the gyro frequency 
— eHlm), and v, = v,, e, + v, e, + v, e; is the 
elocity of the electron immediately after the 
sollision. p (A is a vector of constant length, 
rotating with the constant angular velocity ^, 
ind we get for the x component of T: 
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A = Ay Psin (o t— o); 


: X eo 
qz sin" (zæ) 
P 


and 
n ors al 
0 A Xgo T Jgo— 7 


with 


" m + voy F u? — 2u09y . 
We assume that the relative variation of the speed 
of the electron is negligible between two colli- 
sions. The kinetic energy of the electron at any 
moment is then, because of conservation of energy: 


E(t) =E, + Xex (1), (A8) 


where x(t) is given by eg. (A7). 

We now consider the electron density o, in the 
Vox Voy, to, Space, due to a total number of x, 
electrons. Dropping the index , we have 


Vm N.V(E) 
AA 
since v— V2Elm. The number of electrons 


colliding per sec, per cubed unit velocity, and 
with initial velocity v after the collisions, is then 


5 _ N, V (E)dE 
° ` Ary du 


, (A9) 


m 


zc, 


(A10) 


Ny = VO, = 


putting the collision frequency 


v 
r= 


,> ك 
Of these a fraction‏ 
1 
ag i p= ۶‏ 
T‏ 


have their next collision after a time between 
f and + ۵, Thus the collision frequency den- 
sity in the four dimensional (initial velocity, elap- 
sed time) space is 
NeVm | — 
2۶ i a ہے‎ ee pgs vi, 
7= E VE ۴ 
The number of colliding electrons per cm? per 
sec which after their last collision has passed 
through the energy E,, from lower towards higher 
energies, is now given by 


(A11) 
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L, 
ny— MW Nyt dv, dv, dv; d. (12ھ)‎ 
1 


The limits of the integrals are given by the con- 
ditions that 


1 


(A13) 


where E' is the energy at the time of the next 
collision, given by eg. (A8), i.e. 


E-- Xe- x (DS Ey 
or, using eq.s (A6) and (A7): 


A DL 


Xe|X 
Pda Ex y 


J A ion J S Es, (A14) 


where 
7 
p = sin" 1 4 m 2l 
Vs + 0 = 2) 
and 


1 
E— > m (ox vy + vi). 


The corresponding number 7", passing per 
unit time through E, towards lower energies is 
also given by eq. (A12), except for the limits 
now being L", and L”,, given by the condition 
that 


ENS Era (A15) 


The net transport of electrons through E, to- 
wards higher energies is of course given by 
(dis). 

Our goal is to derive an equation giving the 
distribution function W(E) from eg. (A1), using 
eg.s (A2), (A3) and (A12). Apparently this is 
not possible without rather laborious numerical 
trial and error computations, which should reguire 
use of electronic computers. For our purpose it 
seems permissible to simplify the eguations by 
even rough approximations, because the basic pa- 
rameters (cross sections) one shall have to adopt 
are still rather uncertain. One might therefore 


have tried to simplify eq. (A12), which causes 
the most of the difficulty, but it turns out to be 
more convenient to simplify the basic assumptions, 
and then derive a simpler expression to replace 
eq. (A12). We shall then obtain an integro- 
differential equation which is very similar to that 
derived by Chamberlain for the none-mag- 
netic case. 


A. 3. At the heights we consider the electron 
collision frequency v at thermal energies is much 
less than the gyro frequency o. Therefore an elec- 
tron make many loops around the gyro-center be- 
tween two collisions. The movement of the gyro- 
center is given by the first two terms at the right- 
hand side of eq. (A5), and u points at right 
angle to X, In consequence, the average energy 
gained between two collisions, for the electrons 
with a given rg is close to 


ex 
e, = eK ‘FT, —— رج‎ =m (u— v)u, (A16) 


using eg. (A6) and dropping the index o We 
shall now make the approximation that all the 
electrons which after a collision starts out with 
a given value of re gain an energy exactly e, be- آ‎ 
fore its next collision. According to eg. (A16) 
this energy gain depends exclusively on the ve- 
locity component vy. As before, we shall assume 
random distribution on directions after one col- 
lision. 

Consider now all electrons per unit volume, 
within the energy interval dE and colliding within | 
one time unit, i.e. N,vW(E)dE. Of these, a_ 
number 


MUT dret A der me mer 


۱ 
W(E)dE | 
1 
| 
27 V= da Y — Ar | 


(A17). 


have a velocity component v, within Au, and. 
obtain the energy gain e, given by eq. (A16). 
These are then displaced from energy E to E'— 
Ete, and lie within AE'— Ae,— mu^ v, (con- 
sidering dE<<Ae,). Putting v—v[X we obtain. 
from eq. (A17) the number of electrons trans- 
ferred per unit time from the energy interval dE 
centered at E to the energy interval AE’ centered 
at El: 


(EE JABA El — e. yin) dEAE', (A18) 
2mAu 


id to any energy E' above E,>E: 
E'max 


o (E, E) A E' 


Ne 
| 2 7۸7 


(E— E, + V 2mEu+ mu?) ۷ )507,)۸19( 


tcause Ema —E--mu(u--v) fot v,—— v. 
The number of electrons transferred per time 

nit from any energy E below E, to any energy 
above E, is then 


£1 ۲ 
سام‎ | O (E)dE, 
E min 


(420) 
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20+ 
in E — mu (u — Vmin) = Lm eu 
m 


lin — 74 — V E, mi — E, -۷ ۱ھ‎ 


tting mu2=e. 

In the same way we obtain that the number of 
ctrons transferred per time unit from any 
ergy E above E, to any energy E’ belov E, is 


E max 
n= | 9" (E)dE, (A21) 
E1 
nere 
9" (E)àE = (E— E, 
1 2mhu i 
VomEu— mu) VE) dE, (A22) 


d Emax = E + VEe 4 

If now e, which is twice the kinetic energy 

sociated with the drift velocity 4 and equal to 
average of the energy gained between two 

E. (from eq. (A16)), is small compared 

Es, we may with reasonably accuracy put 


7(2) = (2) + (2-H) (423) 


— 
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in eq.s (A20) and (A22). After integration and 
some straightforward calculations we then obtain, 
dropping the index in E: 


a NAU 9 AL ۳۹ VE, 
n x eli و‎ o 


os 
0 
VL 
eV E dW 
= 0.65 N, سس‎ £)—0.58-— Z |. 
و‎ ye | 2) 0.58 „| (A24) 


We could have simplified our basic assumptions 
further by also assuming either (a) that all elec- 
trons after one collision had the same numerical 
value of v,, given by 


Oak Wei 
— mv — — E 
کی تفه‎ 


>? 


half of the electrons having positive values of vy 
and the other half negative, or (b) that the elec- 
trons after one collision were divided on three 
orthogonal directions of motion, one sixth going 
in the +y direction with v,=v, one sixth with 
vy== — v and the other two thirds with v,=0. 
With either of these asuumptions we get 


nx TIN مر ور‎ 
aA: | 2 aW | 
وه‎ No WN) a lt A25 
V2 Vm WE) 3 dE (A23) 
This expression differs only slightly from eg. 
(A24). 


A.4. It is reasonable to adopt eg. (A24) as 
sufficiently correct for our purpose, and putting 
this eguation together with eg. (A2) and (A3) 
into eg. (A1), we obtain the integro-differential 
eguation 


dW _ g (E) 
dE h(E) 


ICE) 


(5) — BE) (A26) 


where 


g(E) = (28 = 12% EWE, (A27) 
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b(E) EF 1.6: VE, (A28) 
E + Ej 
1(E)— xj Jus W(E)V EdE. (A29) 


We have here put 
04000 727 <<e, and A e 1/N Qui, 


where N, is the density of atmospheric particles 
and Qe the cross-section for elastic collisions. 
Equations (A26) to (A29) differ from those 
used by Chamberlain (1955) in the nume- 
rical factors and in that his e,2 (cf. eq. (A4)) is 
replaced by our sE (the same as is the difference 
between eg.s (A24) and (A4). This agrees with 
the fact that, as can be shown, in Chamber- 
lain's case the average energy gain (due to the 
electric field) between two collisions is e,2/4E, 
whereas in our case it is e. 


4 At کیو‎ a" » 4. a 
جا‎ yim bh coles ۲ ۳ 


bnd 


TA 


m Es min. ( >i Mwd 


یگ - 


0+ eb. dwr yli; 


ce انس تست‎ 4. N 


REFERENCES 


Alfven, H., Cosmical Electrodynamics, 
Press, Òxford (1950). 

Barth, C.A.and Hildebrandt, A. F., J. Geophys. 
Res., 66, 985 (1961). | 

Chamberlain, J. W., The Airglow and the Aurorae. 
Ed. E. B. Armstrong and A. Dalgarno. Pergamon 
Press, p. 206 (1955). 

Chamberlain, J. W., Physics of the Aurora and 
Airglow. Academic Press, New York (1961). 

Lebedinsky, A. J., The Airglow and the Aurorae. 
Ed. E. B. Armstrong and A. Dalgarno. PP 
Press, p. 222 (1955). 

Massey, H. S. W. and Burhop, E. H. S., Electro 
and Ionic Impact Phenomena. Clarendon Press, Ox 
ford (1952). 

McNish, A. G., Terr. Magn. EL, 43, 67 (1938). 

Nicolet, M., J. Atmosph. Terr. Phys., 3, 200 (939) 

Omholt, A, " Geofys. Publ, 20, No 11 (1959a). 

Omholt, A., Geofys. Publ, 21, No 1 (1959 b). ٠ Ê 

acier D: ive Ann. Geophys., 17, 67 (1961). 9 

Roache ys Geophys. Res., 65, 1495 (1960). 

Smit, J. A., Physica, 3, 543 (1936). 

TandbergHanssen, E. and Roach, F., 3 Res 
Nat. Bur. Standards, 63 D, 319 (1959). ۱ 

لق .)1958( 186 ,14 R., Ann. Geophys.,‏ پت 

Wulf, O ga J. Geophys. Res., 58, 531 (1953). " 

Young, R. A. and Clark K. Ge Phys Rev: is 
5, 320 (1960). P 


Clarendon. 


a 


e 


TN. ای‎ 
A TRW Da. WA aL ar 
^. 


coser new ai. clactannu * p E 


5 = 


d'e 
ES 


۱۳ ۲ Y SICA NORVEGICA 


Volume 1., No. 1. 1962 


The Decay of "P 


Ole Lonsjo 


Fysisk institutt, Universitetet i Oslo, Blindern, Norway 


ManusgribL;received November 1, 1961 


Communicated by R. Tangen 


Abstract 


The gamma spectrum accompanying the positron decay of ?9P has been measured. The following 
branching ratios were found (log ft values in parenthesis): to the ground state of PPSi 
0.984 = 0.003 (3.72 £0.02), to the 1.28 MeV level 0.011 = 0.003 (4.93 = 0.14), to the 
2.03 MeV level << 0.0007 (>> 5.5), and to the 2.43 MeV level 0.0055 = 0.002 (4.15 = 0.2). 
The intensities of the gamma transitions from the 2.43 MeV level to the levels at 1.28 MeV 
and 2.03 MeV are less than 66 96 and 20% respectively of the ground state transition. The 
results are in disagreement with published predictions on the basis of a rotational collective model. 


1. Introduction. 

The decay of 29P, a positron emitter with a 
half-life of 4.45 s, has been studied by Rod e- 
rick et al. (1955). They showed that the transi- 
tion mainly goes to the ground state of 29Si, 
with weak branches to the 1.28 MeV and 2.45 
MeV levels, and possibly to the 2.03 MeV level. 
Bromley et al. (1957 a) have studied transi- 
tions involving the same levels in 29Si. The 
energies, spins and parities of the lowest states 
of 29Si are well known, and are summarised for 
example by Bromley et al. (1957b). The 
purpose of the present work was to measure the 
OB and y transition rates in the decay of 29P 
| with greater accuracy than earlier obtained. 
| 


|2. Experimental Procedure. 

| 29P was produced in the reaction 28Si (p, y) 
29P by bombarding a thick (approx 0.5 mm) 
target of fused silicon with protons of energy 
1750 keV from a Van de Graaff, giving the 


integrated yield from the broad resonance at 
1645 keV. The beam intensity was approximately 
3.5 uA. The target was bombarded for about 20 s 
(close to four half-lives), then the beam was 
stopped with a shutter 35 cm from the target, 
and the gamma rays were recorded for 10 se- 
conds. After a 30 seconds pause the bombardment 
was started again. This cycle was repeated 20 
times. Immediately following this the gamma rays 
were recorded for 200 seconds. The latter spect- 
rum was subtracted from that obtained during 
the series of short exposures, and included all 
types of background except shortlived activities 
induced by proton capture in contaminants in the 
target. No evidence was found that shortlived 
activities were present. The integrated counting 
time was about one hour. 

The gamma-rays were detected in a 3" x 37 Nal 
crystal, placed 1.5 cm from the target with 3.5 mm 
absorber (brass, tungsten and aluminium) in 
between, and recorded in 128 channels with a 
RCL pulseheight-analyzer. 
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3. Experimental Results. 

The observed spectrum, obtained by adding all 
the individual runs, is shown in Fig. 1. The most 
prominent features are the strong peak from 
0.511 MeV annihilation quanta, and the continuous 
distribution due to bremsstrahlung and annihila- 
tion in flight, produced by positrons. Further- 
more, the total-absorption peaks due to gamma 
lines of energies 2.43 MeV and 1.28 MeV are 
seen. 

For comparison a thin source of 22Na, of 
strength approximately equal to the maximum 
(initial) counting rate obtained with 29P, was 
placed in target position. The spectrum thus ob- 
tained was used for calibration together with 
spectra of individual gamma lines of energies 
2.62 MeV, 1.12 MeV and 0.662 MeV. The 
nuclide Na decays by emission of positrons, 
followed by 1.28 MeV quanta. 


Gamma Rays from ? P 


A. 


Counts per Channel 
oF 
1 


2.5 ۷ 


05 10 15 20 
Gamma Ray Energy 


Fig. 1. Gamma rays accompanying the decay of 29P re- 
corded with a 3” Nal crystal in 486 runs of 10 seconds 
each. The upper set of points give the observed number 
of counts per channel after the background is subtracted. 
Below 1.8 MeV the uncertainties are smaller than the 
size of the circles. In the region up to 2.5 MeV the 
uncertainty gradually increases to twice the diameter of 
the circles. The lower set of points show the number of 
counts after subtracting the indicated pulse height distri- 
butions for 2.45 MeV and 1.28 MeV gamma rays. 


Standard line shapes for gamma energies of 
1.28 MeV and 2.43 MeV were prepared, in- 
cluding the part due to coincidences with the 
0.511 MeV annihilation guanta, which was found 
from the 22Na spectrum. In order to determine 
the intensities that gave the best fit, as well as 
the uncertainties for these intensities several peak- 
heights were tried. As criterion for «best fit» it 
was assumed that the resulting curve, after sub- 
tracting the gamma line shapes, should be a 
smooth curve, which is the spectral shape for 
the bremsstrahlung and annihilation in flight of 
the positrons. 

Gamma lines of energies 2.03 MeV and 1.15 
MeV (which would result from a cascade from 
the 2.43 MeV level via the 1.28 MeV level to 
ground) were looked for, and the possible in- 
tensities for these lines were determined in the 
same way as described above. Upper limits only 
could be given for these lines. 

The peaks at 0.75 MeV and 1.79 MeV were 
present also in the 22Na spectrum, and were 
assumed to be due to coincidences between back- 
scattered and direct annihilation guanta, and be- 
tween the 1.28 MeV guanta and annihilation 
guanta respectively. In fact these coincidence peaks 
were somewhat stronger with the 22Na source, 
probably due to more chance coincidences, since 
the average counting rate from the 29P source 
was lower. As a conseguence the coincidence peak 
included in the line shape for the 1.28 MeV line 
in Fig. 1, was somewhat too high, and after sub- 
traction therefore left a dip in the smooth curve. 
This, however, did not affect the values deduced 
for the other gamma lines. The weak peak around 
1 MeV was interpreted as being due to chance 
coincidences between two annihilation quanta. 
These three peaks, therefore, were assumed not 
to be due to nuclear gamma rays. i934 

From the number of counts in the vario 
photopeaks thus determined, the corresponding 
number of emitted gamma rays were found, using 
the efficiency curves given by Heath (1957) 
after correcting for absorption in the material 
between target and counter. : 

The efficiency for detecting the annihilation 
quanta is more difficult to estimate, since a large | 
number of positrons escape from the target and 
are annihilated in the walls of the target chamber. 
To calculate the solid angle and the absorption 
for quanta originating in this area would be com- 


۱۱6۵۵6۵ as well as uncertain. To overcome this, 
intensity of the 1.28 MeV line was determined 
r a comparison with the 22Na- spectrum taken 
ith the same geometry, assuming the annihilation 
manta to be distributed in the same way. For 
‘Na the ratio between 1.28 MeV quanta and 
ositrons is 1.113, according to Nuclear Data 
neets, and the corresponding ratio for 29P was 
hund by comparing the ratios of the areas under 
te photopeaks for 1.28 MeV and 0.511 MeV 
es in the two spectra. While annihilation in 
light (Bethe, 1955: Gerhart er al, 1954) 
s negligible for the low energy positrons from 
*Na, it amounted to approximately 7 % for 
wose from 29P, and only a small part, estimated 
25 96 of the resulting quanta, were counted 
- the 0.511 MeV peak. To correct-for this, the 
umber of counts in the 0.511 MeV photopeak 
. the 29P spectrum was increased by 577677 Ap- 
-oximately 10 ۵ of the annihilation quanta from 
2Na would be detected in coincidence with 
28 MeV quanta, and accordingly the number 
£ counts in the 0.511 MeV photopeak in the 
Na spectrum was increased by 10 %. After these 
O corrections, comparison between the two 
ectra gave a value of (12.3 + 1.7) - 1078 for 
1e number of 1.28 MeV quanta emitted per 
sitron from 29P. 
The exact thickness of the thin 22Na source is 
t known, and the possibility was considered 
at a smaller number of the low energy positrons 
-om 22Na than of the high energy positrons 
rom 29P might escape from the source before 
mnihilation. This would mean that the detection 
“ficiency of the annihilation quanta would not 
the same for the two sources, and the branching 
tio found in this way would be too high. There- 
re another determination of the same ratio was 
rformed. The number of counts in the 1.79 MeV 
peak of the 29P spectrum was estimated, and as- 
ing this to be due only to true coincidences 
etween annihilation quanta and 1.28 MeV quanta, 
| value was obtained for the mean detection ef- 
iciency for 0.511 MeV quanta in this particular 
eometry, and conseguently for the total number 
E emitted. With the value given by 
Heath (1957) for the photopeak efficiency of 
e 1.28 MeV line, the number of these quanta 
itted per positron was found to be 
12.043.5)10—3, in good agreement with the 
ue first obtained. Therefore it will be assumed 
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that the 22Na-source is sufficiently thin, and the 
intensity of the 1.28 MeV line will be given as 
(12 = 2)10—3 per positron. 

The intensity of the 2.43 MeV line, and the 
upper limit for the other lines, were determined 
relative to the 1.28 MeV line. The intensities of 
the gamma lines are given in Table 1. 


Table 1. 


Intensities of gamma lines accompanying the decay 
OEE: 


Gamma ray Number of gamma quanta 


energy emitted per 1000 positrons 
2.43 MeV 4+1 
2.03 ۷ «Qiu 
1.28 MeV 2 2 
1.15 MeV LE 


m CRI MEME جر _ "و‎ 


4, Discussion. 

Bromley et al. (19572) have shown that 
the 2.03 MeV level decays by 99 % direct transi- 
tion to the ground state. The decay of the 
2.43 MeV level is not well known. The transition 
directly to the ground state is the only one ob- 
served, but the possibilities of cascades through 
the 2.03 MeV level and through the 1.28 MeV 
level cannot be excluded. The upper limits for 
the intensities of these possible cascades can be 
determined from the intensities of the 2.03 MeV 
and 1.15 MeV gamma lines respectively, and are 
given in Table 2, together with an earlier deter- 
mination. Gorodetzky er al. (1958) in the 
meantime have reported approximately the same 
values for these upper limits as those given by 
Roderick et al. (1955). The number of po- 
sitron transitions to each level in 29Si found 
from the observed number of gamma rays per 
positron emitted, and corresponding values for 
log ft, are given in Table 3. The half-life of 29P 
is 445 = 0.05 s (Roderick ef al., 1955) and 
electron capture is negligible, even for transitions 
to the 2.43 MeV level. The positron branches to 
the 1.28 MeV and 2.03 MeV level are accom- 
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Table 2. 


Branching in the de-excitation of the 2.43 MeV level in 

29Si. The intensity of the ground state transition 1s 

arbitrarily given as 100. Column 3 gives values de- 

duced from the paper by Roderick e al. (1955). 

Column 4 gives the predictions from the model proposed 
by Bromley e al. (1957 b). 


Radiative width (relative) 


"Transition 


Experimental h 
to level Theoretical 
Present work | Earlier work 
2.03 MeV < 720 30 2 500 
1.28 MeV 2060 < 150 200 000 
ground state 100 100 100 
Table 3. 


Positron transitions from 22P. In the fourth column are given the results of Roderick et al. 

(1955) for comparison. In the second and fifth column are given values derived under the assump- 

tion that the 2.43 MeV level decays directly to the ground state. The third and sixth column take 
into account the possibility of cascades from this level. 


'Transition 
to level 
in 29Si 


Branching Branching 
ratio ratio 


243 MeV |( 4-1).10-3 | (5.5 € 2)- 10-3 
2.03 MeV m PO «1.104 
128 MeV | ( 12+2)-10-3 | ) 11+ 3). 10-5 

0 MeV | (984+ 3). 10€ | (984 + 3). 10-3 


Earlier 
xe log ft log ft 
(24*29.10| 0 4.15 + 2 
« 15 E 55 
8+ 2)-10%] 4895040 4.93 ± 0.14 
(988+ 4).10-3| 3.72 3 0.02 3.12 + 0.02 


panied by direct gamma transitions to the ground 
state. The transition to the 2.43 MeV level is 
follovved by a ground state transition, and possibly 
also by cascades through lower levels. The 
strength of the transition may be anywhere from 
that corresponding to the 2.43 MeV line, up to 
the sum of the three lines 2.43 MeV, 2.03 MeV 
and 1.15 MeV. This ambiguity may be removed 
if the decay of the 2.43 MeV level is determined 
in other reactions. Therefore two sets of values 
are given in Table 3. The branching ratios to the 
1.28 MeV and 2.43 MeV levels are slightly higher 
than those given by Roderick er al. (1955). 
The upper limit given for the branch to the 
2.05 MeV level is lower than the value reported 
earlier. 


5. Comparison with theory. | 

The beta- and gamma-transition rates for this 
reaction are summarized in the level scheme of 
Fig. 2. Bromley, et al. (1957 b) have given al 
description of the A—29 system, particularly 29Si, 
in terms of the Nilsson strong coupling. 
rotational collective model. Their assignments | 
of K values are indicated in Fig. 2 for prolate 
and oblate shapes of the nucleus (positive and. 
negative values respectively for the spheroidicity | 
parameter 8). Their conclusion was that positive 
values of 8 could be definitely ruled out, but as- 
suming 5 zz — 0.15 a set of parameters could be 
found, that led to predictions in reasonably good 
agreement with all experimentally observed mag- 
nitudes, except the relative transition vvidths for 
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lig. 2. Level scheme of ?9?Si showing the positron decay 

29p, For each positron branch is given the branching 
tio and the log ft value. For the four lowest levels of 
Si are given spin and parity, as well as the two ten- 
tive collective model assignments proposed by B ro m- 
ey et al. (1957 b). Gamma transition rates (relative) 
e given for transitions from the levels at 2.03 MeV 
d 2.43 MeV. Dotted lines indicate transitions that 
ave not been observed, and the numbers show in per 
nt of the ground state transition the upper limit for 
. their intensity. 


e gamma transitions from the 2.03 MeV and 
» 43 MeV levels. In the case of the 2.03 MeV 
vel the theoretical prediction was wrong by a 
factor of 100. In the case of the 2.43 MeV level 
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the discrepancy was not stated so clearly, since 
the authors apparently overlooked the upper limit 
given by Roderick et al. (1955). 

The log ft values reported in this work do not 
deviate very much from the earlier values, and the 
agreement with theory is not changed significantly. 
As shown in Table 2 the gamma transition rates, 
however, for the decay of the 2.43 MeV level, is 
now definitely shown to be in marked disagree- 
ment with the theoretical predictions. The theo- 
retical values are 120 and 3000 times larger than 
the experimentally established upper limits. 

Thus, basing the argument on the calculations 
of Bromley e al. (1957 b) we find that their 
best set of parameters leads to predictions for the 
gamma transition rates from both the second and 
third excited states in strong disagreement with 
experiment. The nucleus 29Si, therefore cannot 
yet be considered to be well described by theory. 
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Abstract 


The yields of the reactions ?5Si (p, y) P and 32S (p, y) 33S are determined by measuring 
the number of radioactive nuclei produced In ?8Si one resonance only is seen, at Ep = 
(16452 5) keV, 7 — (54 +3) keV, 2 = 0.38 and 7y —(1 £ 0.5) eV. In SS four resonances are 
found at Ep — (579.5 + 0.5( keV, <1 keV, oy =(1.1 40.3). 10-2 eV; at Ep = (587.6 + 0.5) keV, 
PE 1 keV, oy— 6+ 1)-10-2 eV; at Ep — (1753.8. 0.7) keV 7 = (1.5 + 0.6) keV, o7; = 
)7 + 2(۰10-2 eV and at Ep — (1890 +5) keV, 7 > 15 keV and 7y = (11 + 4). 10-2 eV. The level 
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in 33 CI corresponding to the resonance at 579.7 keV is shown to decay directly to the ground 
state. The 587.6 keV resonance decays by 50 ولا‎ through a level at 0.80 MeV and by و‎ 


directly to the ground state. 


1. Introduction. 

Few resonances are known for proton capture 
below 2 MeV in 28Si and 32S. At the time when 
this work was started, only one resonance was 
known in 28Si. The values given for the resonance 
energy varied from 1.63 MeV (Endt and 
Braams, 1957) to 1.66 MeV (Vorona el al., 


- 1959), and those for the half width from 48 keV 
(Valter et al, 1958) to 60 keV (Olness 


et al., 1957). Several resonances in silicon were 


| reported below this energy, but the assignment to 
| 28Si was uncertain (Seiler ef al., 1955). 


In 32S were reported one resonance at 594 keV, 
found in the (p, y) reaction (Van der Leun and 
Endt, 1956) and one at 1.900 MeV in the 
(p, p) reaction (Olness el al., 1958), while 
10 levels were known (En dt and Paris, 1958) 
in the corresponding region of excitation in the 
mirror nucleus 33S. The plan of the present work 
was to search for more resonances which could 
be assigned with certainty to capture in 2881 and 
32$. 


2. Experimental Procedure. 
2.1 Detection. 


Proton capture in 28Si produces 29P, a posi- 
tron-emitter of half life 4.45 s, and capture in 
32S gives 33Cl, a positron-emitter of half life 
2.53 s. The yields from these reactions were 
measured by determining the number of radio- 
active nuclei produced. The most important ad- 
vantage of this method is that only reactions lead- 
ing to unstable nuclei are detected, excluding 
capture in some of the most troublesome conta- 
minants which ordinarily complicates the study of 
proton capture reactions. Also resonances in 308i, 
as well as in 34S and 36S are excluded. With the 
procedure outlined below, long lived activities in- 
duced by proton capture in 29Si and in 12C, will 
contribute very little to the measured yield. The 
isotope 33S gives 34Cl of lifetime 1.5 s, and may 
be included, but the natural abundance of this 
isotope is only 0:75 96. 


The counting procedure was the following: 
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I) Target was bombarded for a few half-lives, 
2) the beam was stopped with a shutter and the 
positrons were counted for a certain period 
of time, approximately 2 half-lives, with a 
G.M-counter (Philips type 18505), 

the counting was switched to another scaler 
and continued for another period of egual 
duration. These last counts was used as a 
background correction, including ordinary 
background and any long lived activity built 
up in the target. 


2.2 Current Integrator. 

The proton current was not always stable, and 
to avoid uncertainties due to this and to a variable 
time delay between the end of bombardment and 
the start of counting, we used a method described 
by Snowdon (1950), giving a meter reading 
which is proportional to the activity built up in 
target (for constant proton energy) even if the 
current varies strongly, if both the activity and 
the voltage starts from zero at the same time. 


2.3 Targets. 

As target materials were used Si and SboS4, of 
natural isotopic composition, evaporated in va- 
cuum, onto copper backings. Widths and energies 
of the resonances in sulphur were measured with 
a target chamber with rotating target cylinder 
described previously (Andersen eż al., 1958/ 
59). For surveys of large energy regions in sul- 
phur, with thick targets, and for all measurements 
on silicon, was used a simpler target chamber 
where the target was placed at 45? to the beam, 
and the positrons came out at 90? to the beam 
through a thin window. 


2.4 Proton beam. 


The protons were accelerated in a Van de 
Graaff generator, and analysed in a 909 
electrostatic analyser (Andersen er al., 1958/ 
59). The resonance energies given are based on 
the value 990.8 = 0.2 keV for the well known 
strong resonance for proton capture in aluminium. 
For energies under 800 keV was used the 
Hi beam. This introduces an additional energy 
spread of about 600 eV at 600 keV bombarding 
energy. Also the resonance energy, observed as 
the point of half maximum yield with a thick 
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target will be approximately 5—600 eV lower 
than the energy of the same resonance observed 
with the H* beam (Andersen et al., 1958). 


2.5 Yield. 

When the yield from the resonance, determined 
as the number of reactions per incoming proton 
(the step in the yield curve for a thick target, or 
the area under the yield curve divided by the 
target thickness is called Y (00), one has (Gove, 


1959) 
TG 
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i = is the proton spin, 


2€ 


۰ Y (09) 


Jo 0 is the spin of the target nucleus in the 
cases of 28Si and 32S, 
"n is the spin of the compound level, 
/' is the total width of the excited level in the 


compound nucleus and /', and /; are the 
partial widths for emission of protons and 
gamma rays. 

e is the stopping power per atom of 28Si and 
325 in the target, 

Ais the wavelength in the center of mass 
system. 


If the current is recorded, as in the present 
case, on a capacitor with a decay time RC adjusted 
to be equal to the mean life of the radioactive 
Noe, 
CV 
when the reading is taken for a proton energy 
well above resonance and with a thick target. Here 
e is the electric charge of the proton, C is the 
capacitance of the capacitor, V is its voltage and 
No is the number of radioactive nuclei at the 
same moment. 

To relate Ng to the number of counts recorded 
in the G.M-counter one has to take into account 
the length of the counting period, the solid angle 
of the counter, absorption and scattering of the 
positrons. ۱ 


nucleus, then the yield Y (co) is Y(co) — 


3. Experimental Results. 
3.1 28Si(p, y)29P. 


Only one strong and broad resonance was seen 
in this reaction, but no sharp resonance that could 
be used to give a direct determination of the tar- 
get thickness. Therefore the target thickness, the 


integrated yield Y(%), the resonance energy 
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d the half width for the 1645 keV.gresonance 
re determined from two yield curves, miéasured 
rith two targets of different thickness, 100 keV 
d 9 keV. The values given in Table 1 were 
duced assuming the relation P, = D? + €? 
here I, is the observed half width, and é the 
irget thickness, and furthermore assuming that 
ae thick target yield equals the area under the 
eld curve divided by the target thickness. The 
iajor part of the uncertainty in the value for œ y 
mes from the determination of the solid angle. 
he level has been shown to be 3/2—, (Valter 
* aL, 1958), and with the barrier penetration 
ctors given by Gove (1959) one gets the 
ther large value for the dimensionless reduced 
oton width 92—0.38. The gamma transition 
-dth is T, =(1 + 0.5) eV, slightly lower than 
e values found by Newton (1960) and van 
Postrum el al. (1961) who showed that the 
amma transition is mainly an El transition to 
e ground state. 

No other resonance was found between 500 keV 
d 1900 keV proton energy. The yield was some- 
hat higher around 800 keV, but it was not pos- 
ible to show definitely any resonance in this re- 
ion. An upper limit for the intensity is 0.1 % 
f the resonance yield at 1645 keV, that is 
Dy > 2۰10738 eV. Macefield and Towle 
1960) studying the reaction 28Si(d, n)29P found 
| level at 3.49 = 0.03 MeV in 29P, which would 
rrespond to a resonance around 800 keV, which 
robably is the mirror of the 1=3 level at 
.62 MeV in 29Si. Van Oostrum ef al. (1961) 
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Table 1. 


Resonances in the yield of positrons from proton capture in silicon and sulphur in the energy range 
from 500 keV to 1900 keV. In the column headed "yield" is given the number of proton capture 
reactions per incoming proton on a thick target. The last column gives the sum of the widths of 
all gamma transitions from the level excited. 
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found no resonances between 367 keV and 1650 
keV and report an upper limit of y<<0.5 : 10773 eV 
in agreement with the present work. 

However, Seagondollar et al. (1960) 
found as many as 15 resonances between 200 keV 
and 1700 keV which they attribute to capture in 
28Si on the basis that they were observed with 
targets of natural silicon, but not known to be 
due to capture in 29Si or 30Si. On the other hand 
they apparently did not observe the strong broad 
resonance at 1645 keV, since they report that the 
width of the broadest resonance was 5.1 keV. 
They do not give any values for the strengths of 
these resonances. But a calculation of the effi- 
ciency of their detector, as well as a comparison 
with the known (van Oostrum el al., 1961) 
strength of the 370 keV resonance indicate with 
a wide margin of uncertainty that most of the 15 
resonances have an intensity roughly of the 
same order of magnitude as the lower limit 
(wy < 2۰10-8 eV) given in the present work. 
Therefore it is not possible to say whether their 
results are in contradiction with ours and those 
of van Oostrum et al. However, the level 
scheme of 29Si appears to be well known, and it 
would be very surprising if so many more levels 
existed in 29P. 


3.2 32S(p, y)33Cl. 

Four resonances in this reaction were found in 
the proton energy region from 500 keV to 1900 
keV. The results are given in Table 1. The resonan- 
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ces at 580 and 588 keV which correspond to the 
one formerly reported at 594 keV were measured 
with the H,+ beam, and this as well as the rather 
low yield is the reason for the high upper limit 
stated for the widths. The proton energies given 
for these resonances are 0.6 keV higher than the 
measured values, in accordance with the energy 
displacement observed earlier when using the 
H,+ beam. The values given in Table 1 agree 
with those found at the same time by Van der 
Leun and Endt (1958). 

The resonance at 1753.8 keV has not been re- 
ported before. It is not seen in the yield curves 
for elastic scattering of protons on 325 (Olness 
et al., 1958). It could be due to capture in 33S, 
but the natural abundance of this isotope is only 
0.75 % and therefore the resonance was tentatively 
assigned to 32S. If this is right, the corresponding 
level in 33C] will have an excitation energy of 
3.99 MeV. If the capture takes place in 33S, the 
excitation energy of the compound nucleus will 
be 6.95 MeV. Preliminary measurements of the 
gamma spectrum show a strong gamma line of 
energy close to 4 MeV, and no line of higher 
energy, supporting the assignment to ۰ 

The values obtained for the half width and 
energy of the resonance at 1890 keV are consi- 
stent with those of Olness e/ al. (1958). How- 
ever, there was considerable sparking in the elec- 
trostatic proton energy analyser when running at 
this energy, and therefore the uncertainties are 
rather large. The yield for this resonance is de- 
termined from a thin target curve. For the two 
highest resonances, it is reasonable to assume 
Es DD P, and therefore y will be approxi- 
mately equal to T,. 


4. Gamma Spectra. 

Van der Leun and Endt (1956) studied 
the gamma spectrum of what they assumed to be 
one resonance at 594 keV, and found one gamma 
line, of energy 2.85 MeV, proceeding directly to 
the ground state, and two lines of energies 
2.04 MeV and 0.81 MeV, which they showed was 
due to a cascade through a leyel at 0.81 MeV. 
As there actually are two resonances in this region, 
the spectra from each of these has been studied. 

The gamma rays were recorded with a 1147 
Nal-scintillation counter at 0? to the proton beam 


direction, and the spectra were analysed with an _ 


80-channel pulseheight analyser. Targets of thick- 
ness 15-20 keV were made by evaporating SboSg 
in the target chamber with rotating target cylin- 
der. As bombarding energies were chosen 590 keV 
and 582 keV. With the target thickness chosen, 
the yield from the lower resonance was included 
in the spectrum obtained at 590 keV. 

Each spectrum corresponds to an accumulated 
current of about 25 mC during approximately 2 
hours. The background is assumed to consist of 
two parts. One is due to radioactive materials, 
mostly 40K and ThC" around the counter, as well 
as cosmic rays. This part should be strictly propor- 
tional to the time of exposure, as long as the 
shielding or geometrical arrangement is not 
changed. The other part is due to X-rays from 
the Van de Graaff-machine, and y-rays from pro- 
ton capture in the analyser and target walls, slits” 
and cold trap. This part is assumed, at approxi- 
mately constant proton energy,to be proportional 
to the proton current. The first part is determined 
by recording the spectrum with the machine vol- 
tage turned off, the second part by bombarding 
the target with protons below the resonance energy 
at 573 keV. It was not possible to keep the pro- 
ton current constant, and therefore it was neces- 
sary to know the two contributions to the back- 
ground separately. ۱ 

The spectrum from the 588 keV resonance was 
found by subtracting the spectrum measured at 
582 keV from that measured at 590 keV, after 
correcting for background. The resulting spectra 
are shown in Fig. 1 and 2. For the 580 keV re- 
sonance is seen only the transition to the ground 
state. A possible branching to the 0.80 level has. 
an intensity less than 10 96. For the upper مع‎ 
sonance are seen both the transition to the ground 
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Fig. 1. Gamma spectrum from the 580 keV resonan 
in 825. ۱ 4 
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"ig. 2. Gamma spectrum from the 588 keV resonance 
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ig. 3. The energy levels of 3301 and *°S up to an 
xcitation energy of 4.5 MeV, together with resonances 
or proton capture in 325, The levels of ?3S are given 
by Endt and Paris (1958). The levels of 380 are given 
a Endt and Braams (1957) and by Macefield and 
Towle (1960). The four lowest resonances for 325 + p 
nd the corresponding levels in 3301 are given as reported 
| in the present work. 
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state, and the two lines of 2.04 MeV and 0.8 MeV 
corresponding to the cascade through the 0.80 
MeV level. Comparing the intensities of the 
.80 MeV line and the 2.85 MeV line, and cor- 
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recting for the relative efficiencies, one finds that 
in about 50 96 of the cases the transition is di- 
rectly to the ground state. The results are in good 
agreement with later work by Van der Leun 
and Endt (1958) and Suffert er al. (1959), 
who were able to assign the values 5/2* to the 
2.85 MeV level and 3/2— to the 2.86 MeV level. 
The present state of the level, scheme of 33Cl 
up to an excitation energy of 4.5 MeV, together 
with the levels of the mirror nucleus 33S are 
shown in Fig. 3. A comparison between the two 
mirror nuclei indicates that a number of levels in 
8801 in this region still have not been found. 
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